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A comprehensive shell-model approach to A-hypernuclear spectroscopy in the p shell is
developed. The available data on the spectra of 3Be, \’C, }’C, }'N and }°O are interpreted in
this framework, leading to constraints on the residual AN interaction and the one-body A-
nucleus potential. The mechanism for the formation of A hypernuclei via the (K=, n7)
reaction is treated in the relativistic distorted wave approximation, with careful attention paid
to Fermi-averaging of the elementary K n—-n~A amplitude and recoil corrections.
Departures from the simple weak coupling picture, arising from configuration mixing, are
emphasized. This leads to approximate dynamical symmetries in hypernuclei which are
forbidden in ordinary nuclei by the Pauli principle. Further experiments in the p shell are
suggested which may reveal other aspects of AN interactions.

1. INTRODUCTION

In the past few years, the possibilities for investigating hypernuclear structure have
been augmented considerably by the development of magnetic spectrometer systems
for the study of the strangeness-changing (K, 7~ ) reaction on nuclear targets. The
(K~,m~) process has been exploited at CERN [1-5] and Brookhaven |6, 7] to
determine the spectrum of ground and excited states for a number of light A4 hyper-
nuclei. The new information on the energies and relative intensities of excited hyper-
nuclear states as seen in the (K, 7 7) reaction represent a crucial supplement to the
ground state binding energies already available for 4 < 16 from emulsion studies {8].

The new hypernuclear data, particularly those for the p-shell systems %Be, '**'C,
A'N and °0, invite a complete treatment in the context of the shell model. The object
of this paper is to develop such an approach, with careful attention to the dual
problems of reaction mechanism and hypernuclear structure and their interplay. An
outline of this program, together with results for }’C, is contained in an earlier letter
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[9]. In the present paper, we provide a more complete picture of the hypernuclear
structure and (K ~,7n7) reaction calculations, as well as extending the results of
Ref. [9] to encompass other p-shell systems.

The development of this paper proceeds as follows: In Section 2, we discuss our
treatment of the reaction mechanism. A distorted wave Born approximation (DWBA)
is used, modified to allow for a relativistic description of KX~ and n~ propagation.
This improves on the standard eikonal approach |10, 11], in that recoil corrections
are properly treated. This is particularly important in obtaining the absolute cross
sections for coherent n — A transitions (for instance, '*C(0*)— }2C(0")). Elastic K~
and 7~ scattering data [12] are fitted to obtain optical potentials and distorted wave
functions for the K~ and n~; the microscopic “tp" impulse approximation to the
optical potential, which is commonly applied, does not yield an adequate fit to the
elastic data, and results in different (K~, 7~ ) cross sections as well. The DWBA
calculations are performed with the relativistic option of the program CHUCK |13 ],
where the K~ and 7~ potentials are inserted into an energy-dependent Schrodinger
equation derived from a Klein—Gordon equation. Combined with the relativistic
treatment of the K~ and n~ distorted waves, we use experimental data and partial
wave analyses for the reaction K~n—n~A [14] to obtain a Fermi-averaged tran-
sition amplitude in the nucleus. For coherent transitions p, — p,, it is important to
use the absolute square of a Fermi-averaged amplitude rather than the Fermi average
of a cross section in order to obtain the correct absolute size of the (K, n7) cross
section to a particular final state.

Combined with the distorted wave approach, one must employ a shell-model
formalism sophisticated enough to describe comprehensively the hypernuclear
structure aspects. This formalism is developed in Section 3. Care is required, for
example, in disentangling the one-body A-nucleus spin—orbit potential from the AN
ressidual interaction, and in analyzing relative production cross sections which differ
markedly from the weak-coupling limit. The structure calculation of Ref. (9] included
(0s5)*(0py)®(0p,) and (Osy)*(Opy)®(Os ) configurations in }’C; the former lead to the
Py 'pa excitations which are predominant in the experimental spectrum of Ref. {7]. A
natural treatment of these is central to our approach. Our procedure is to first define
a basis of weak-coupling configurations

¥,r,(32) = [Your (D) ® D, (DT, (1.1)

consisting of a A coupled to an exact core state ¥, , . . A sufficient number of core
states are included and the hypernuclear Hamiltonian

H=HN+HY+ VNY (12)

is diagonalized in this truncated weak-coupling basis. For the purely nuclear
Hamiltonian H,, given by

£
|

H,=

[

1
T (1.3)

1 i<j
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we consider two choices for the NN interaction V;;, one due to Cohen and Kurath
[15] and the other to Millener [16]. The remaining terms in Eq. (1.2) are the hyperon
single-particle Hamiltonian H,, defined by a set of single-particle energies, and the

hyperon—nucleon residual interaction V,, given by

A-1
Viy = S o(r; —1y). (1.4)

i=1

The form of v(r; —r,) includes central components of spin-independent, spin—spin
and space-exchange character, and may include as well spin—orbit and tensor com-
ponents.

Section 4 is devoted to the choice of optical potentials U(r) and bound-state wave
functions. The former are taken to have a standard Woods—Saxon form

Ulry=—-V(r)—iW(r),

Vi) =V, (l-l-exp ("R"))', (15)

a,

Wir)y=Ww, (1 + exp (r;RW)>_l.

W

where Ry, ,, =r¢*" A", The parameters are adjusted to obtain a best fit to the elastic
K™+ 2C and 7~ + '2C data at 800 MeV/c [12]. The same values of V,, W,.a,
and ry*", independently obtained for K~ and 7, are adopted throughout the p-shell.
For neutron bound-state wave functions, we also use a Woods—Saxon potential,
adjusting its parameters to fit the neutron binding energy. The parameters were
further constrained by fitting binding energies and rms radii for p-shell protons in '*C
and "’C, as obtained from elastic electron scattering and Coulomb energies. The A
binding energies in p- states are not well known. Experimentally, the p, ;and py, A
orbits have essentially zero binding in )’C |[6]. For lighter systems, we have
arbitrarily assumed a small binding of order 0.1 MeV for the p-state 4. The geometry
of the A4 well is taken to be the same as that for the neutron.

In Section 5, we present the main body of our results for p-shell hypernuclear
structure. We analyse the existing data on {Be, \’C, 'C, I'N and °0, and discuss
the prospects for extracting additional information from the as yet unexplored
systems }'B, }'B, }*C and \*N. The emphasis of this work is on the extraction, from
the hypernuclear spectrum, of details of the AN interaction not otherwise obtainable
directly from experiment. We would also like to isolate those features of the spectra
which result uniquely from the presence of the distinguishable A particle in the
nucleus. The existence of hypernuclear states with a high degree of spatial symmetry,
not allowed in ordinary nuclei, leads to approximate dynamical selection rules in the
(K™, n~) process. We also pinpoint hypernuclear y transitions due to “pure” A
single-particle transitions, which lead to an accurate determination of A spin-orbit

595/148/2-9
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splittings. Some of these may be observable experimentally via the (K™, 77y)
reaction [17].
A brief summary of our conclusions is given in Section 6.

2. THE (K7, 77 ) REACTION MECHANISM

A proper relativistic calculation of the mechanism for the reaction *Z(K ", 77)Z
is not easily accomplished even within a distorted-wave framework. We shall short-
circuit this treatment to some extent by providing an ansatz for the many-body
reaction amplitude in the rest frame of the target nucleus, i.c., in the laboratory
system. This amplitude is assumed to be given additively in terms of the interaction
of the K~ meson with each nucleon in the target. Hence one requires in principle a
knowledge of the amplitude for the elementary K~ n— 7~ A process in a variety of
off-shell situations. Rather than treating this off-shell behavior we employ an
amplitude possessing explicit Lorentz invariance and energy-averaged over the bound
nucleon energies. We extrapolate from the elementary amplitude to the many-body
amplitude with an explicit model form for the K" n — 7~ A interaction.

2.1. Construction of the (K=, n~) Distorted-Wave Amplitude
The cross section for hypernuclear production in the (K, 77 ) reaction depicted in

Fig. 1a may be written in the laboratory frame as | 18]

do  (k/ky) IIE
d'QL B (27[h2C2)2 (Emlal)

7| Thl* (2.1)

with ITE defined as the product of the energies of the K ~, n~, target (4) and residual
hypernucleus (H) in the barycentric system, and k_.k, are the many-body
barycentric momenta. The total c.m. energy is E,,,,,=E,+E,=E + E,, and J is
the barycentric to lab Jacobian. The bar denotes the appropriate average and
summation over spins. The transition amplitude T%, is defined here in the many-body
barycentric system, including distortion, as

T?f: (X(i)‘(kn’ rnH)<[/§Z(f)| (rn’ rAl v |rK’ rn) QI("M) q’n(rnc)| AZ(1)>
’ (2.2)
XX ks tyy) 1oy d’ vy dry drye

with coordinates as given in Fig. 1b. Here ®,(x)|®}(y)] is the second-quantized field
operator destroying (creating) a neutron (A) at the spatial point x(y):

(Dn(x): ,\_: ¢j,,m"(x)an(jn’mn)’ (233)

My
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FiG. 1. Notation for the discussion of the (K™, 7 ) reaction on a nuclear target 4, leading to a
hypernucleus H. In the initial and final channels K~ + 4 and n~ 4 H, respectively, the vector relation
between the two-body and many-body relative coordinates is shown; C is the nuclear core consisting of
the 4 — | spectator nucleons.

®i(y)= N 6%, () ai(j,.m,). (2.3b)

Fyemy

The effective meson—baryon interaction v for the transition K~ n— 7 A is assumed
local and spin-independent,

(rw"rA |U' l'l\" l'") = 5(Rm\ - RI\'n) é(rm\ - rl\'n) V(rl\n )" (243)

where R, denotes the center of mass coordinate constructed from r, and r,.
Introducing a multipole expansion for aa,, and isospin notation, Eq. (2.2) reduces
to the form':

"Here and throughout this paper we follow the angular momentum conventions set in Ref. [19]: note,
in particular, the definition of reduced matrix elements.
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xf_ (T;z;1/21)2 ’sz'f)v (M km|J M) > N e asdn)
i (2.5)

X SIN@RG) a2 D)

with the distorted-wave reduced amplitude 8% given by

ﬁfn(.//\ Jn)=(—1 )i+ J Z(_)'(kn’ rnH)(&j/\(rAc) U¢j~(rnc))’:ml(+ "(kg, Tga)

(2.6)
X d’r g d’ry d’rg dr,,.
The time-reversed quantities denoted by tilde are defined through
x> my) = (=1 ™ a(jy, —my), (2.72)
Gomy = (1)1 mgx (2.7b)

The reduced (in spin and isospin) matrix elements
Slard) 2| iy (2.8)

constitute the one-baryon density matrix appropriate to (K .7~ ) in terms of the
neutron pickup amplitudes from the #Z target, obtained in the structure calculation
described below. Averaging the squared amplitude (2.5) over initial, and summing
over final, nuclear spin orientations:

1 3 (2J +1)
TP =gt o (T =@ 2020 Gy
! ) (2.9)
N T |2 AU )@ U d U D
km Fnin

A considerable simplification occurs in the amplitude % under the assumption that
the meson—baryon interaction (2.4a) is of zero range:

V(tg,) = V7 0(t,). (2.4b)

The & functions that enforce r_, =r,, =0 in (2.4) give rise to two corollaries: (i)
causing d(R,, —Ry,,) to become equivalent to

5(rAc - rnc) (2 103.)

and, through the relationships noted in the caption to Fig. 1, (ii) o(r,, —ry,) 6(rg,)
may be replaced by

M
5 <—cr,m—r. )(5(r” My ) (2.10b)
M KA H MH KA
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With the constraints given by (2.10), expression (2.6) simplifies:

B i) = (—”Aﬁ—) Vi@ () o (6 (5]

c C

M &
X0, (M"f)) 1 (kg 1) (2.11)
)

The factor (M ,/M.)’ must be externally factored into the CHUCK calculations.
Since we have ignored spin flip in the K~ n— 7~ A process, we can decouple spin
in (2.11) in order to identify the angular momentum transfer AJ as 4J = AL = k:

(2jy+ D2+ 1)
ATk + 1)

MA B > MA MA
G ), (G ) (57

c

. 12 : | I
‘r(n(jA’.}N): [ ] (‘)l\(l‘\Ol,volkO) U <1.\7klmh [;\'>

X l (d.Q)(‘*)* (kn,&r) Y@*(r))(‘“(k,‘-,r)) . (2.12)

M,

The factor (/,0/,0]40) exhibits the natural parity selection rule [ + I, + k = even.

2.2. Comparison to Eikonal Calculations

We note particularly in Eq. (2.11) the coordinates r and M ,r/M,, which appear in
the outgoing and incoming distorted waves, respectively. In the context of the three-
body model of Fig. 1, these coordinates take proper account of recoil corrections and
include effects of the A-neutron mass difference. The fact that @‘(r) and ¢, (r) are
evaluated at the same spatial coordinate is a consequence of the zero-range approx-
imation we have used for the K~ n - 7~ A amplitude. In Ref. |20}, the (K™, 7~ ) cross
sections for a '2C target were evaluated using a momentum-space code which incor-
porates finite range effects by using the full partial-wave structure of the K " n—n"4
process, rather than an effective s-wave approximation as employed here. By
comparing the results of coordinate space distorted-wave runs with the earlier
calculations [20], we conclude that the finite range of the elementary amplitude has
little influence on small-angle cross sections for hypernuclear formation. Note,
however, that in the standard eikonal distorted wave approach [10, 11}, one neglects
recoil corrections, i.e., M /M, and M ,/M,. are set equal to unity in Eq. (2.11). Since
M, /M .=A/(A —1)= 1+ 1/4, this would appear to be a harmless neglect of a
“1/4” correction. We have checked the validity of this procedure for a variety of
(K—,n~) transitions to discrete final states. For transitions with orbital angular
momentum transfer k=AL #0 to states in }’C, we have generally found good
agreement (on the level of 10-20% or so) between the no-recoil eikonal approx-
imation and the full distorted-wave calculation. However, for 07 — 07 transitions



388 AUERBACH ET AL.

with k = 0, we have found large discrepancies (as much as a factor of 2) between the
standard eikonal and distorted-wave (CHUCK) results, even at 0°. Thus, for these
transitions, which are the most important for small-angle (K ~, 7~) reactions, it is
important to take account of recoil effects, which are much larger than the naive
estimate of 1/4.

As a parallel test, the eikonal program of Ludeking |21}, which was used to
estimate hypernuclear formation cross sections in the (z*,K™*) reaction, was
modified to include recoil effects in the approximation M, =~ M. Note, however, that
the correct value of M,, is used to calculate k. Expression (2.11) can then be written
as

B ia i) = VI [ '™ (ks X 7 (5,0) w0t (i), (2:132)

3/2
wO= (=) o) p=dra—1) (2.130)
A—1

Provided the normalized wave functions ¢,(p) solve the Schrédinger equation with
Woods—Saxon potentials of well depth ¥, and geometrical parameters r,, a to yield
binding energy E,, the wave functions y; are also normalized, Jlw;/*d’r =1, and can
be obtained by solving the Schrodinger equation with scaled parameters

{rosat = (A —D/A{rg.al, Vo, Eg) = [A/(A = D)]*{Vy, Ep}

For k # 0, the eikonal and DWBA results for a test case '*O(K ", n");°C at 720
MeV/c were identical within a few percent for §, ~ 0°. For p— p, k =0 transitions
leading to 0* final states in }°C, there was still a discrepancy in cross section of
about 30%. The discrepancy relevant to A4 hypernuclear production in (K~,77) is
estimated to be smaller for k = 0 due to the smaller momentum transfer here and the
smaller mass difference M, — M,. This indicates that the eikonal approximation
itself is rather good at 700-800 MeV/c, if one takes account of recoil effects. The
modified eikonal program [21] was useful in any case for providing an independent
check of the normalizations, angular momentum and isospin phases, and the
integration procedures of the DWBA calculation.
In the plane-wave limit the curly bracket of (2.12) simplifies (M, ~ M) to

{ 1=V (de’ 'Y (F) 1, (1) 0, (1)
(2.14)
= V7 4ni*Y, (§) L dr uj,\l,\(r)jk(q/r) Uj (1)

where q' = (M./M,)q and q=k; —k, is the c.m. momentum transfer. For small
values of g, the factor j (q'r) ~ (q'r)* produces a characteristic peaking which for
k # 0 occurs at a nonzero angle which increases with k. This feature remains evident
in the distorted-wave amplitudes and can be seen in the angular distributions plotted
in Section 5.
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2.3. Computational Procedure and Choice of V,

In practice [22], the partial-wave expansion

47[ o * i~ . A
x kg, 1) = " Nty (ko r) Y (k) YiiP),
K

fimi (2.15)

(- AT - LN vl (f

X k., )= ]\— 1 fu’f(kn’ r) Y'{lf(kn) YV{'f(r)

|

is introduced into expression (2.12) for % which then involves the evaluation of one-
dimensional integrals containing the radial wave functions u;, and u;, for the
baryons and the partial waves u, and u, , for the mesons. These partial waves u(r) are
calculated using a Klein—-Gordon (KG) equation, which in CHUCK [13] and the
program A-THREE [23] used for the elastic fits, is reduced to an energy-dependent

Schrodinger equation of the form
1
v? F[(EZ/<:2—mlcz)—zE(UJr v,)/e*)t x=0. (2.16)

From the imaginary part of the optical potential one can compute a mean free path
Ay for the K~ and n~ inside nuclei. Anticipating depths of W,~ 50MeV from
Section 4, one finds that 4,, is of the order of the nuclear radius for the p-shell nuclei.
Thus the potentials are not very strongly absorbing at these rather high projectile
energies.

Finally, we discuss the choice of the volume integral V'? (2.4b) in the barycentric
frame. A straightforward application of the zero-range assumption (2.10) without
recourse to the previous expansions, yields for T7,, Eq. (2.2), the following expression
(M, =~ M, assumed):

Th=Vi [ (k) pf= 1090 () Y P k1) d'r. (2.17a)

Here, the strangeness-changing charge-conserving transition density

'w

py=aes °(r)—<f viE va() aiB) a,la) i>~ (2.175)

aB

where the scaled and dilated single-particle wave functions are defined by (2.13b),
may also be written in the more familiar form

P10 7) = [ WH(jr;. 05, m))) (i w8 = 1)) Wil 00w ) 1T,
(2.17¢)

with 4~ (j) the lowering component of u spin required to transform a neutron j to a A
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in the same space-spin state. The coordinate r; is relative to the nuclear center of
mass, so that (2.17b, ¢) provide the required generalization of static charge densities
(elastic as well as inelastic) as measured by electron scattering. The form (2.17a) is
reminiscent of the “#p” approximation for inelastic processes at medium energies,
where ¢ is the two-body transition amplitude. However, the most natural frame to
impose this approximation is the laboratory frame, in which the prescription
T" =1"(0°) p. embodying in addition a zero-range assumption for the two-body
effective interaction, gives rise to

Th= tL(OO)Jx“’*(k,,,r)p,-Afs:“‘AQ:O(r))(”’(kK,r)dlr. (2.18)

Since, by Lorentz invariance |18],

V (EKEA EnEH)I, Tt = V (EKEAEnEH) T, (2.19)

expressions (2.17a) and (2.18), upon comparison, yield the identification

I1IE
V=T Ve V=1l (2.20a)

An explicit expression for the volume integral V, is given by

. (2.20b)

V, = 2n(he)? [ Pi- <1 G, ) do(K n—-nA)|"
Pr-Ck-&, EAPn- ds,(0°)

where the small case quantities refer to the two-body lab system. Expressions (2.1).
(2.17a) and (2.20a) for the (K ™,z ") laboratory cross section are equivalent to
Egs. (2) of our letter [9].

The assumption of zero meson—baryon interaction range is here equivalent to
t = t(0°) which is justified even for the largest angles observed in present (K~ .7 ")
experiments where the momentum transfer is less than 300 MeV/c, much smaller than
the momentum 1/4r = 500-1000 MeV/c associated with the range Ar of the
K ™n— n~ A interaction.

2.4. Fermi Averaging

Another point in selecting the appropriate strength for the K "n— n~A amplitude
in the nuclear medium is the strong energy dependence of the free-space amplitude in
the momentum region around 800 MeV/c where most data exist. In view of this, it is
important to average the amplitude over the distribution of neutron momenta in the
nucleus. We now define our procedure for this Fermi averaging. _

Several groups [24, 25] have presented multichannel analyses of the KN - KN, 14
and 72 amplitudes. For computing the appropriate Fermi-averaged amplitudes for the
K" n-n"A reaction on nuclear targets, we have adopted the amplitudes due to
Gopal et al. [24], which are available in the total center of mass energy range
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1480-2170MeV. Although the free-space amplitudes of Martin and Pidcock |25]
exhibit some significant differences from those of Gopal et al. [24] for certain partial
waves, the Fermi-averaged results are very similar, since one sums over partial waves
and smooths out rapid energy dependences by the averaging procedure.

In the two-body barycentric system, one has the usual partial-wave decomposition
of the non-spin-flip and spin-flip amplitudes f, and g,

J@ =N [+ ) T+ 17 | Picos 0)
i

(2.21)
gs(0) = —“ (T, — T,_| P}(cos 8)
such that
d K n-on—A
(Ga) —lhePr+igOr 02)
B

Here « is the K™ n barycentric momentum, and the dimensionless amplitudes T,
refer to the total spin j =/ + 1, respectively.
For 8=0°, the relation between barycentric and lab cross sections assumes the

simple form
do. K non-A k 2 do_ K n-on A
— =|£0) = LL) (—) . 2.23
(d.QL )00 /(0 (k,, ds2 /g ge ( )

where k,, and k, =k’ are the momentum of the pion in the final-state two-body lab
and barycentric systems, respectively.

Our Fermi-averaging procedure is done in the lab system, for # = 0°. Equivalently,
if one writes the amplitude as a function of the relativistic variables s and ¢, we are
essentially keeping ¢ fixed and averaging over s. No off-shell corrections are included,
such as binding energy, Pauli principle and dispersive effects of the nuclear medium.
In our calculation, the only effect of the nucleus is to generate a distribution p(k) of
the lab momentum k of the struck neutron in the K~ #n — 7~ A reaction. If we define
the z axis as the direction of the incident lab momentum p, of the K ~, our Fermi
average consists in integrating over the magnitude of k and also x = cos GPK'k. We
define two types of averages

do | ! do
<dQL >0°,AV:J0 dkkp(k) ( dx (d.Q ) (Px» K, x),

SO = dk kot | dxs, o)

(2.24)

where p(k) is normalized so that 2 [¥ dk k’p(k)=1. The incoherent average
(do/d$2, )g- oy i1s appropriate for sum-rule estimates of the total (K~,7~) cross
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section on a nucleus, summed over final hypernuclear states (including the
continuum). For coherent transitions (for instance, p, — p,) of interest in this paper,
it is more correct to first average the forward amplitude, obtaining {f;(0)),,, and
then square to obtain a cross section, rather than directly averaging the cross section.
The difference between (do/d(2,)s. oy and [{f;(0)).y|* is quite significant in the
region of interest around 800 MeV/c, as we see later. In (f,(0)),, p(k) should
represent only the momentum distribution for the particular single-particle orbit we
are considering (p, here). In the p shell, only a small error is introduced, however, if
we instead use the momentum distribution of the entire nucleus for p(k).

In detail, the calculation proceeds as follows. We first perform the sum in
Eq. (2.21) at each energy to obtain f,(0), using the T,, from Gopal et al. (s,p, d.f
and g waves are included), We then obtain the lab amplitudes f; (0) = (k, /&) f4(0).
using free space two-body kinematics to compute k., and k. . Using the values of
/,(0) at successive overlapping sets of three values of barycentric energy Elorms WE
construct a quadratic interpolation formula for f,(0) in each region of energy. In
numerically performing the integrations in Eq. (2.24), we first construct ¢,,,,, for each
choice of p,, k and x via the formula

Biotal = (M + K7)'* + (my, + )17, (2.25)
K2 = (pik®x® = 2e, e, pykx + pi My + 6] k(Mg + M3 + 2¢, ¢, — 2p, kx),

where ¢, = (M} + pg)'?, e, = (M} + k*)'?, My and M, being the kaon and nucleon
masses, respectively. We then use the interpolation formula to calculate the
corresponding value of (do/dR,),. or f,(0). Thirty grid points in x and a 5 MeV/c
grid in k& were sufficient for an accurate numerical evaluation.

Results are shown in Figs. 2 to 4. The angular distributions for the free space
K~ n- n~A reaction at several momenta are shown in Fig. 2. Note that the cross
sections do not drop drastically in the angular region between 0 and 15°. Thus the
approximation of replacing the full partial wave content of the K n— n~A process
by a Fermi-averaged total amplitude at 0° is quite reasonable for small angle
(K~,n7) reactions on nuclei. Recall that in our calculation of hypernuclear
formation cross sections, we use a zero-range transition operator proportional to
SrOPay 2 ienu” (@) 6(r —1,), ie., an effective s-wave (isotropic) amplitude. The
spin-flip cross section | g|? is also seen to be very small at 800 MeV/c.

We have performed Fermi-averaging with several different assumptions for p(k).
One form used is

p(k) = po(1 + exp(k — k,)/dk)" (2.26)

with k=100 MeV/c and 4k =50MeV/c. This diffuse Fermisgas model was first
obtained by Miller [26] and later used by Allardyce et al. [27] for the Fermi-
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Fic. 2. Differential cross sections for the K "n - 7~ A reaction in the lab system at several incident
momenta, taken from the analysis of Gopal et a/. [14]. The spin flip cross section is shown separately at
801 MeV/c.

averaging of pion-nucleon amplitudes. For '*C, we have also used a harmonic
oscillator model

p(k) = po(N, + 2/3 N, (kb)?) e~ *” (2:27)

with oscillator length parameter b = 1.64fm. Here N, and N, are the number of s-
and p-shell neutrons. In Fig. 3, we show results obtained using Eq. (2.26) and also the
oscillator model with both L, =0 and 1 (N;=2, N,=4) and with Ly =1 only
(N;=0), the latter being more appropriate to the coherent p, — p, transitions. The
differences are seen to be only a few percent. This may be expected, since the rms
momentum (k*)"? for the various p(k) models is very similar: we have (k2)"? = 177
and 201 MeV/c for the L, =0, | oscillator and Fermi forms, respectively.

In Fig. 4, we display our results for the coherent and incoherent Fermi-averaged
K™ n—mn~A cross sections, as a function of K~ lab momentum, using p(k) from
Eq. (2.26). The rapid energy dependence in the free cross section, due to a number of
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Y¥ resonances, is considerably smoothed out by the averaging procedure. The
coherent average |{f;(0)),y|” is consistently smaller than the averaged cross section
(do/dR2, )o. ay. although the differences are minor below 700 MeV/c or so. At
800 MeV/c, the momentum appropriate to the \’C experiment, |{f;(0)),, > is
considerably reduced with respect to the free cross section, by almost a factor of 2.
We see that it is also important to include Fermi averaging in sum-rule estimates of
(K~.7n7) cross sections on nuclei. Using |(f;(0)),y|* =3.2mb at 800 MeV/c from
Fig. 4, we obtain from Eq. (2.20b) the value ¥, = 165 MeV fm?, the volume integral
of the K"n—n~A Iinteraction appropriate for use in CHUCK. At 720 and
530 MeV/c V, takes the values 181 and 210 MeV fm?, respectively.

3. FORMALISM FOR STRUCTURE CALCULATIONS

We consider hypernuclear states produced in the (K~,7n~) reaction on p-shell
target nuclei. The states of lowest excitation energy in the residual hypernucleus are
produced when a p-shell neutron is converted into a A in the lowest s shell (s,). In
line with nuclear structure terminology we call these states, in which s is coupled to
a nuclear p-shell core, Ofiw states. Extensive Ofiw shell-model calculations have been
made by Gal, Soper and Dalitz |28] and, where necessary, we use their results for
such hypernuclear configurations.

For the K~ beam energies used at BNL and CERN p, — p, transitions are very
strong; these include the substitutional transitions, strongest at 0°, which leave the
many-body wave function essentially unchanged (except that a A replaces a neutron).
Most of the states of the lZw configuration s*p”"p, (n+5=A) have not yet been
resolved or identified because of the relatively crude resolution (of order 2MeV) and
the restriction to small angles. In this paper we perform calculations for such
configurations and use the wave functions to provide the spectroscopic input for
calculations of the (K, n7) reaction cross sections in order to identify and assign
quantum numbers to observed hypernuclear states.

We should also consider 17w configurations of the form s’p”*'s, since they can
also be formed in the (K . n ) reaction. Because of the high energy and large width
of the nuclear s-hole state the resulting hypernuclear states are also expected to be
broad and will occur above the states which mainly interest us. It should be realized,
however, that the lowest 1w hypernuclear states lie below the s*p”p, configurations
of particular interest for the (K, z7) reaction. This is because some l#Aw levels of
the nuclear core, to which an s, can couple. always occur at excitation energies lower
than the separation between the s, and p, orbits (about 11 MeV). The main effect of
these 1hw core ®s, configurations, mostly of the form s*p" '(sd)s,, will be to
produce some fragmentation of the Ofw core ® p, strength. Yet any fragmentation of
this sort would not be noticeable with the current experimental resolution in (K, 77}
experiments.

Another reason for including 14w configurations of the type 1hw core ® s,in the
I'hw hypernuclear shell-model space is to ensure proper elimination of spurious center



396 AUERBACH ET AL.

of mass states. If we treat the hyperon as a distinguishable nucleon in a harmonic
oscillator basis then all s*p"p, configurations have an overlap of 4 ~'/? with spurious
states. Since this overlap is small and uniform we are satisfied, at the present level of
sophistication, to work with a basis s*p"p, configurations only. Calculations for
Sy— §, transitions, on the other hand, require a more careful treatment of the center
of mass problem, a treatment which is quite feasible with current shell-model
techniques.

3.1. The Shell-Model Calculation

The hypernuclear Hamiltonian can be written in the form
H=Hy+H, +Vyy, (3.1)

where H, is the Hamiltonian for the nuclear core, H, is the single-particle
Hamiltonian for the hyperon and V,, represents the residual interaction of the
hyperon with the nucleons. We write the shell-model basis states in a weak-coupling
representation

llad T ®)y Y:JT)), (3.2)

where a.J.T, label individual core wavefunctions, which in our case are obtained
using the Cohen and Kurath (8-16)POT interaction [15] for H,, and j, Y label the
total angular momentum and isospin of the hyperon; J, and j, are coupled to J and
similarly for the isospins.

We can always write the two-particle NY interaction in terms of creation and
annihilation operators

Vay =S RTG/ 2y Y IV1iR/25 Y KT (0]0), ® af )™ ®(d5 @ d )M
where
J=@+D" and = YT, (3.3)
On recoupling the operators we have

Viy = ,\_‘C(a)(p/,\l/’/\l/’®p/,) ;,))00 (3.4)

where a = {jyjij Jjy ki),
p;‘]l/l../"l/ZE (a_;1/2®df'|,/2)k’ (3.5)

and

In Jy 12y Ty
C(a)— Jv iy KV Y2 Y T VKT /2, YIVIR25YON (3.6)
k k0 t 0
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The unitary 9 —J symbols effect the recoupling transformation and can be written in
terms of 6J symbols. For the case of interest here Y= A(t =0) and

Cla)= I/Zk\‘ 2K + 1)(— Yrtistk ek

K

3./\ Ja

Unda VLA GT)
J\J\ s N A N A

The many-particle matrix elements in a weak-coupling basis can now be written

@d T ®jps IVl aid i T ®jj3 )

J k.
:2 C(Cl) (.]lA k JA) <ac‘,cT HPJ\J(H aIJIT ><./\ pr\o,/‘”.],\>
“ J 0J
. " J, J! k
=Y Cla) J(-)y/eriathed 1 (ad T, llpill @' I T, (3.8)
a A A

where we use Brink and Satchler’s [19] definition of a reduced matrix element which
gives _ L
Ja)=klja- 3.9)

The one-body density matrix elements for the nuclear core are calculated for a
given nuclear interaction and stored. For any set of AN two-body matrix elements the
matrix of the hypernuclear Hamiltonian can be very rapidly constructed using (3.8).

Unllpfl,.

3.2. Spectroscopic Amplitudes for Hypernucleus Formation

For any inelastic scattering process the structure information is contained in the
one-body transition density

apd, Tlp sl @i Ty (3.10)

with the initial nuclear wave function on the right and the final hypernuclear wave
function on the left. Recalling the cross section for the (K, 77) reaction (2.1),
(2.17a) and (2.20a) and denoting T% = V*T,, (this T, was used in our letter [9]) it
can be shown that | T|? signifies the effective neutron number |10]

2+ 1 -
W+ 15

[

ITrfiz =(T;7;1/21/2] T, f>2 \,_ JalUa Hck”./\)
Inis (3.11a)

X M}r/z.‘\j'\r)k(E* 0)<aj‘lfo|| p:‘\lézj\l/2 H a;J; Ti> 2

m

where the functions MY~¥K(E, 6) are proportional to 85 (j,,y) of (2.11).

Bi(nsin) = VI (s 1CX|| jiy) MUK, (3.11b)

and result from the DWBA integration.
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If the single-particle radial wave functions depend only on [, or [/, {e.g., we choose
the same binding energy for both j values) the summation over j,j, in (3.11a) can be
performed to give

, W+ 1
TP = (T 12120 T S

X N {2(2L + 1)X1,0k0[1,00° NX(E, OXad, T || pis™ 2 @, T (3.12)
- .
with

NYE, 8)=)

m

MU (E 9))%, (3.13a)

where the density matrix element has been transformed from jj to LS coupling and
k, =k, ks =0. For p, - p, transitions the independent amplitudes N°, N* peak in
different angular regions, N° falling away rapidly from ¢, = 0° and N* peaking near
6, = 15° for the present nuclei and kinematics (see Fig. 7); in fact, in the PW approx-
imation,

Nt =

Jl (Mg, (rdr |’ (3.13b)

Equation (3.12) shows that the ratios of cross sections to different final states may be
obtained, to a good approximation, by simply squaring the ratio of density matrix
elements.

The density matrix elements are readily computed from the nuclear and hyper-
nuclear wave functions. However, it is worthwhile to examine the case where the
hypernuclear wave function is simply a weak-coupling state. The transition density
(3.10) then becomes

(p" ad. T,®Jj,0:J,Ty| (a:\ & dj\)kl’q p'aJ;T;)
(3.14)
PR k J, J;
:Jck(_)thM o <P"71ac-lchHdi\”P"aiJiTi>~

where the reduced matrix element of the annihilation operator is the product of a
factor

(_)T,+ 1/2=Ti+Jo+iv—J; ji fw[/jc 7‘}

and the spectroscopic amplitude for single-nucleon pickup from the target. Thus in
the limit of pure weak-coupling the (K, 7~ ) cross section would simply map out the
pickup strength. This is seen more clearly if we sum over J,j, assuming again that
the DWBA integral depends only on /[’s, not on j’s; expression (3.11a) then assumes
the form
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N [(Zk + 1){1,0k0[1,0)* N clsj(c)] NXE, 0), (3.15)
k

J

where S; is the pickup spectroscopic factor and C = (T,7,1/2 — 1/2|T;z;). For e,
C?=(2T;+ 1)~ and expression (3.15) becomes

1 <
TT?ITEJ- S;NYE,0)  (forl,=0,k=1and/,=1,k=0). (3.15a)
2
_f XgA? for I, =1, k=2). 3.15b
T+ 1~ A : G130

A poor resolution (K, 7~ ) experiment would see just this strength. Regardless of
the strength of the coupling or the experimental resolution, (3.15) provides a very
useful sum rule. Furthermore summation on J, yields nka(E, @) for (3.15a) and
ZnI,N"(E, 6) for (3.15), where n,, is the number of p-shell neutrons in the target.

3.3. Choice of Shell-Model Basis

In most of our calculations in a p"p, basis we have used the Cohen and Kurath
(8~16)POT interaction [15] to generate the wave functions of the nuclear core states.
The properties of p-shell levels are generally well described by this interaction. In
particular there is no serious disagreement between theory and experiment for
spectroscopic factors deduced from single-nucleon pickup and stripping experiments.

In selecting the number of nuclear core states to be used in the construction of the
basis for hypernuclear shell-model calculations we have observed two criteria which
are to some extent linked:

(a) The core states chosen should to a high degree exhaust the single-nucleon
pickup strength from the target.

(b) The core states chosen should account for most of the intensity of
configurations with high spatial symmetry.

These requirements ensure that all configurations which can be reached from the
target ground state via a one-body operator are included together with configurations
of the same supermultiplet symmetry which may admix strongly. To satisfy
conditions (a) and (b) for *C requires at most four core states with the same spin
and isospin. It is possible to state the second requirement in the form given, since
supermultiplet symmetry (equivalently SU3 symmetry) is a good symmetry in the p
shell; of the p-shell ground states '*C is the least pure in terms of supermultiplet
symmetry with about 70% [441] symmetry. We shall often find it useful to exhibit
the spatial symmetry structure of hypernuclear wave functions. For example, in the
substitutional reaction in which a A particle replaces a neutron with no angular
momentum transfer only configurations identical to the target configuration can be
reached. Since the target wave function has predominantly one spatial symmetry, in
fact a simple LS structure, it is informative to study the hypernuclear wave functions

595/148/2-10
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in this basis also. However, performing the structure calculation in the weak-coupling
basis does have the advantage that we can, and do, use the experimental binding
energies for the core states. When we cannot make an identification of a calculated
core state with an experimental one (this occurs at high excitation energies) we use
the theoretical energy in constructing the hypernuclear Hamiltonian matrix. Small
shifts in the energies of these core levels have negligible effects on our predictions for
excitation strength in the (K ~, ™) reaction.

3.4. Parameterization of the Two-Body Interaction

We use a central interaction of the form
Vea==V({r)1 —e+eP )1 + aoy - 0,), (3.16)

where P, is the space exchange operator. For baryons in p orbits the interaction is
characterized by two radial integrals commonly denoted by F*® and F'?. The two-
body matrix elements in LS coupling are the product of a spin factor 1 + a(4S — 3)
and an orbital factor given by

L= 0, F(O) + 2/5F(2)!
L=1, (1—=2)F®—-1/5F?), (3.17)
L=2,  F©4+1/25F",

Unless ¢ is large, F¥ affects mainly the overall binding energy. Dalitz and Gal |29,
in their studies of 3Be have used F” = —1.16 MeV and F'® = —3.69 MeV. Bouyssy
[30] has obtained a ~ —0.15 in fits to CERN data on ,°0, a value similar to that
used by Dalitz and Gal. A value ¢~ 0.25 is consistent with A—p elastic scattering
data [31] and has been used by Bouyssy. In summary, the NA interaction seems to
be relatively weak (for the p-shell interaction in ordinary nuclei F**’ =~ —10 MeV)
without any strong exchange dependence.

In addition to the one-body spin—orbit splitting of the p-shell A orbits, ¢, —¢, .,
which we denote by ¢,, we also consider symmetric and antisymmetric two-body
spin—orbit interactions

vy (r)(sy £8sy) Iya- (3.18)
It is sometimes more convenient to write

v(r)s, - Luas v,(N=v,.(r)+v_(r)
A A NA A + (3 19)
vp(r) sy Iyas (N =0, () — v (r)
Then the interaction of p, with the closed nuclear s shell gives

e,=—31,(v,), (3.20)
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where I,(v,) is the diagonal radial integral of v,(r) for an NA relative p state:
Il(vA)=J0 ul(r) v,(r) dr. (3.21)

Calculations of one-body spin—orbit splittings by Dover and Gal [32], which use
the baryon-baryon potentials of deSwart er al. [33], predict that the A-nucleus
spin—orbit interaction is much weaker than, and of the same sign as, the N-nucleus
spin—orbit interaction. This conclusion is consistent with those of other analyses |34]
and with analyses of hypernuclear data [2, 35].

Within the p shell the v, term behaves in part like a one-body interaction. The
interaction of p, with the closed p shell gives a contribution to ¢, equal to

=3/2[1,(vy) + 5I,(v4)]. (3.22)

where 1,(v,) is the radial integral for relative d states. However, v,, as does v, also
gives rise to other terms including off-diagonal matrix elements in the weak-coupling
basis of the shell model.

Interactions based on meson exchange models [32] indicate that v (r) should be
attractive and v_(r) repulsive resulting in a weak but attractive v,(r) potential. In
this case v,(r) would be attractive and quite strong. The empirical matrix elements
obtained by Gal, Soper, and Dalitz [28] in their fit to hypernuclear ground-state
binding energies are not consistent with these expectations. Also we know that in
determinations of effective interactions in the nuclear p shell there is considerable
freedom in the division of the spin—orbit interaction into one- and two-body parts; the
empirical two-body spin—orbit matrix elements may be very different from the G-
matrix elements derived from NN potentials which fit the two-body scattering data.
Consequently we take the point of view that there is very little theoretical guidance as
to the form of the NA spin-orbit interaction and proceed to parametrize the
interaction. For short-range spin—orbit interactions we have I,(v ) <I,(v,) and

=1, (v, ) J=0
CPylv,(sy+58y) - Ly |’P)) = —1721(v, ) J=1, (3.23)
1/21,(v,); J=2

CPilo_(sy—sy) Iyl 'Py = —1/\/5 Ii(v_).

For the moment we neglect tensor and quadratic spin—orbit interactions. It is a
trivial matter to include them in the structure calculations if, e.g., effective-interaction
matrix elements based on realistic baryon—baryon potentials become available,

4. OpTICAL POTENTIALS; BOUND STATE ORBITS

Not much data are available for X~ and n~ elastic scattering on p-shell nuclei and
of course none for the proper exit 7~ channels on hypernuclei. We must in fact make
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TABLE 1
Potentials for 7~ and K~ Elastic Scattering at p, = 800 MeV/c

Vo w, o a, rms radius
Potential Reaction (MeV)  (MeV) (fm) (fm) /N (fm)
K1 K +'"C 244 414 1.075 0.375 0.31 2.36
K2 K- +YC 36.17 37.98 1.0 0.5 0.90 2.57
zl n+°C 0.9 50.9 0926  0.44 25 232
K3 K~ +*Ca 27.04 32.14 1.107 0.57 0.76 3.62
K4 K™ +%Ca 26.34 28.06 1.134 0.55 0.76 3.63
K5 K™ +*Ca 23.57 18.69 1.182 0.49 0.71 3.62

do with '>C and *°Ca targets for p, ~ p_ =800 MeV/c [12]. The CMU/Houston/
BNL collaboration performing such experiments at the Brookhaven AGS has
analyzed their data in an optical model framework but using a potential proportional
to a Gaussian density [12]. We reanalyze these data here employing the simple
Woods-Saxon forms of Eq.(1.5) inserted in a Klein—Gordon equation. Table I
presents a list of both K~ and n~ potentials obtained with fit parameters. We do not
allow for different real and imaginary geometry but do use slightly different K~ and
n~ potentials. Figures 5 and 6 give sample fits along with the data and errors of
Ref. |12]. Also included in Table I are the rms radii of the various potentials. These
radii are very similar for K~ and 7~ potentials and indeed are only slightly larger

T [ T T T B
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- — Kl —_— 7
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FiG. 5. Optical model fits to the 800-MeV/c elastic scattering data for K~ and 7~ mesons incident
on '’C. The data are from Marlow et al. |12|, while the curves labeled K1, K2 and n1 refer to the
Woods—Saxon potential parameters given in Table L.
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F1G. 6. Optical model fit to the K~ + *°Ca elastic scattering data of Marlow et al. |12] at
800 MeV. The parameters of model K5 are given in Table 1.

then the point-matter radii deduced from electron scattering. One concludes that the
effective K™N and 7~ N interactions are extremely short-ranged, at least at
800 MeV/c projectile momentum.

Potentials K3, K4 and K5 of Table I represent a family of potentials which fit the
K~ +*Ca data of Ref. [12] essentially equivalently. We note the following
regularities: (1) as r, increases, a decreases and (2) W, decreases strongly with
increasing r,; the dominant requirement for a fit appears to be the value of the
volume-integrated potential in the surface region.

A rather interesting result of our searches of the 7~ and K~ potentials is the deter-
mination of the real parts: A qualitative examination of the data in Fig. 5 is helpful.
Both 7~ and K~ scattering are diffractive, arising from the presence of a well-defined
strong absorption. In the absence of a real potential, the first minimum with angle in
6,, and o,, would be deep; the real depth is then selected to fill in this minimum
appropriately and its sign may be inferred from its effects at more forward angles. In
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this way, we deduce a moderately attractive real K~ potential and a small but
slightly attractive 7~ potential.

We have also carried out calculations using the Gaussian density and parameters
of Marlow et al. [12] for the initial distorted waves. Peak cross sections for the
2C(K~, ™) }2C reaction are less than those calculated with our potential set K2 by
4, 15 and 10% for AL =0, 1 and 2, respectively. Cross sections for potential K1 lie
between the above results, differing from the K2 results by about two-thirds of the
percentages listed above. These results give some measure of the sensitivity of
computed absolute cross sections to changes in the parameters of optical potentials
which maintain a satisfactory fit to the elastic scattering data. To describe the
(K, 7)) reaction we have elected to use the optical potentials 71 and K2 and scale
the radius as A'/? for targets other than '*C. The error inherent in such a procedure is
unknown but is probably not larger than other sources of variation in our cross
section estimates, such as the choice of single-particle wave functions.

In the zero-range approximation the single-particle wave functions of the neutron
and A enter the radial integral of Eq. (2.12) as a simple product, often called the form
factor. The cross section is influenced by the spatial extent and degree of overlap of
the single-particle wave functions. In all cases we have fixed the size of the
Woods—Saxon well used to generate the single-particle wave functions at ry=1.15
and a = 0.63, where the radius is taken as r, times A" of the bound state core. The
depth of the well for a given single-particle orbit is then adjusted to fit the binding
energy of the orbit, usually taken as the separation energy corresponding to a
particular state of the core. The chosen well geometry ensures that the rms charge
radii of the target nuclei are adequately reproduced: the assumption of the same well
geometry for neutrons and protons should be good for such light nuclei. We have not
included a spin—orbit term in the bound-state potential since the wave function
changes due to a spin—orbit potential are small.

The ground-state neutron separation energies for the target nuclei considered and
the A separation energies for the corresponding hypernuclei are given in Table II. The
neutron separation energies show strong, systematic variations with mass number,
reflecting the strong space-exchange component in the NN interaction. The A
separation energies, on the other hand, show a smooth increase with mass number.

TABLE 11

Ground-State Neutron and A Separation Energies

Target ‘)Be IOB llB IZC IJC ]4C IJN l.‘N ]60
B, (MeV)? 1.67 8.44 11.46 18.72 4.95 8.18 10.55 10.83 15.67
B,(MeV)? 6.80 8.82 10.24  10.79°  11.69 12.17 12.17 13.59 ~13¢

?Reference [36].

® References [37, 38| errors on B, are given in the references.
“Reference [6].

9 Estimate from shell-model calculations.
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TABLE III

Dependence of (K™, 7} Reaction Cross Sections on Single-Particle Binding Energies”

B, (MeV)
B/\ gc.rm
Case (MeV) (deg)? 1 5 10 18
Dy—= P, AL =0 0.1 4 584 547 484 410
1 4 639 632 577 505
5 4 614 675 659 614
0.1 10 58.8 96.9 114 122
1 10 86.6 133 153 163
5 10 133 190 216 231
DPy—Pp AL =2 0.1 4 429 253 17.6 12.2
1 4 36.7 253 19.0 13.9
5 4 23.9 21.0 17.8 14.4
0.1 10 70.9 52.0 38.1 26.6
l 10 69.3 54.2 41.6 30.2
5 10 51.4 46.0 38.6 30.7
0.1 16 46.7 512 47.1 39.7
1 16 56.1 61.1 56.6 48.3
5 i6 59.6 65.9 62.7 55.4
Peak angle 0.1 10 13 14 16
1 1.5 14 15 16
5 14 16 17 18
Py S, 4L =1 6 4 98.4 933 83.4 71.8
11.6 4 67.0 71.3 68.4 62.7
18 4 49.7 56.8 57.0 54.6
6 10 141 157 152 141
1.6 10 113 132 134 129
18 10 91.3 112 117 116
6 16 63.8 90.1 102 108
11.6 16 65.1 91.4 104 112
18 16 62.0 87.3 100 107
Peak angle 6 9 10 10 11
11.6 10 10.5 11 12
18 10 11 12 12

“The quantity listed is 0%*(E, §), Eq. (4.2), for E = 446.4 MeV and is given in ub/sr.
®The lab. angles corresponding to Oc.m. =4, 10, 16° are 3.8, 9.4, 15.0° respectively. Generally.
B..m. = 1.064 8,,, is a very good approximation for the angular range of interest.
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For s, hypernuclear states built on the ground state of the core the separation
energies listed in Table II are used to construct the form factor. A p, orbit is roughly
10 MeV less bound than the s, orbit and therefore lies close to zero binding energy.
If the orbit is actually unbound we use a small binding energy of, say, 0.1 MeV. For
a hypernuclear state built on an excited state of the core the binding energy of the
neutron is the sum of the ground-state separation energy and the excitation energy of
the core state but the 4 binding energy is, in the weak-coupling limit, unchanged from
the ground-state separation energy.

The effects, on the cross section for the (K, 77 ) reaction, of varying the bound-
state wave functions can be seen in Table III for a "’C target and E = 446.4 MeV
(px =800 MeV/c). The spatial extent of the single-particle wave function varies
considerably with binding energy; for B, =0.1, 1, 5, 10 and 18 MeV the rms radii of
py orbits are 5.53, 4.23, 3.12, 2.74 and 2.46 fm, respectively. The (K, 7 ) cross
section is large when the overlap of the bound-state wave functions is large and for
some intermediate value of binding energy which maximizes the form factor in the
surface region of the nucleus. The way in which the angle at which the cross section

200 - T

Py =Py AL=0x1/4 T

150+

Py —>s, ALzl

100

do /dQ (pb/sr)

50

0 4 8 12 6 20 24
B,4p (deg)

Fic. 7. Laboratory cross sections for the (K .7 ) reaction on a '’C target at p, = 800 MeV/c. The
curves give oL(E,0) as defined in Egs. (4.1) and (4.2). The binding energies (in MeV) used are
(By.B4)=(10,1) for p,—p, transitions and (10, 11.6) for p,—s, transitions: the radial wave
functions for p,,, and p,,, are identical. The excitation energies of the final state are 10 and 0 MeV for
py— P, and py— s, respectively.
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peaks and the shape of the angular distribution vary as the form factor changes can
also be seen from Table III. Full angular distributions for typical choices of form
factor are displayed in Fig. 7. Angular distributions for s, - s, and p, - (sd),
transitions, which populate states at higher excitation energies in the hypernucleus,
are given in Fig. 8.

To enable estimates for (K, 7~ ) cross sections to specific final states to be made,
we split the lab cross section, in the spirit of Eqs. (3.11) to (3.13), into products of
two factors,

do
=N 6ME, 0) S¥(1..1,), 1
a0, = S OB 0) SH Uy 1) (4.1)
where
k_/k IIE
Ok(E, 0):] n/ K L Vlz Nk(E, 9) (42)

(27[h2 CZ)Z (Elotal)2

200 - —

pN*dA,AL=I

100

pN')dA,AL=3X3

do/dS} (pb/sr)

50—

o] 4 8 12 16 20 24
8qp (deq)

Fic. 8. Same as Fig, 7 for sy — s, and p,— (sd), transitions; (By, B,)= (35, 11.6) and (10,0.1),
respectively, and a final state excitation energy of 25 MeV in all cases.
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and

1

1 220, + 1)
X <lNOkO|lAO>2 <af‘]fo“P(k0)kl/2 | &;J; T 4.3)

Laly

S (lys 1) = (Ty1,1/21/2|Tyz))?

2, +
2, +

3

In Eq. (4.2) we have combined the energy factors appearing in Eq. {2.20a) with those
of Eq. (2.1). The quantity o*(E, ) for a "*C target is tabulated in Tables III and IV
and plotted in Figs. 7 and 8. The “formation strengths,” S*(/,, s,), are given by the
coefficients of N*(E,#) in Eq. (3.12). The formation strengths for AL = 0,2 tran-
sitions to specific final states of the p"p, configuration result from our structure
calculations reported in Section 5. These strengths, as well as those for AL = 1 to the
p"s, configuration, are presented (Figs. 10, 16, 18 to 21) for relevant cases of hyper-
nuclear excitation.

For fixed binding energies the cross sections decrease with increasing mass
number; e.g., py - p, transitions for (B, B,) = (10, 1) are larger for *Be than 'C by
23% for AL =0 at 4° and by 4% for AL =2 at 16°, while for p, — s, transitions the
difference is about 9% at 10°. For more accurate results, particularly where
cancellations are involved, the ji density matrix elements must be used with the
appropriate binding energies to construct the form factor for each contribution to the
reaction amplitude.

Finally we give in Table IV a restricted set of cross sections for p, = 530 MeV/c
which is close to the “magic” momentum for which the momentum transfer, p, —p, .
is zero at 0°; the AL =0 transitions naturally dominate even more strongly in the
forward direction than at p, = 800 MeV /c.

TABLE 1V
o (E, §) for p, = 530 MeV/c on '*C

HCAm.

(deg) 4 10° 16°
Py Dy AL =0 708 375 109
Py— Dy AL =290 9.1 12.6 32.8
Py Sy AL =144 19.8 78.8 113

9(By.B,)=(10,1), B in MeV; ¢*"(E, 8) in ub/sr.
? AL =2 cross section peaks at 23° (46.3 ub/sr).
“(By.B,)=1(10,11.6), B in MeV.

9AL = | cross section peaks at 17° (113 ub/sr).
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5. RESULTS AND DiscusSION

5.1. The Data

We consider data taken with the CERN and BNL hypernuclear spectrometers
using the (K ~, #~) reaction on p-shell target nuclei. In the mass range of interest to
us, the CERN experiments to date [2-5] have used an incident kaon momentum of
720 MeV/c to study SLi, \Li, 3Be, \)C and }°O close to 0° for the emerging 7. At
BNL, spectra for }*C, }3C and }\'N have been obtained |6, 7| at 800 MeV/c and for
angles out to 25°

5.2. The General Approach

We perform structure calculations for states in which a A particle in a p orbit is
coupled to the nuclear core. We use a fixed set of parameters to describe the AN
interaction for all hypernuclei from %Be to \*0. This should be a good approximation
because the size of the core nuclei changes little over the mass range of interest; in
fact the measured rms charge radii are constant to within 0.1 fm from °Be to "°N.
Approaches |15] to the structure of the p-shell nuclei which use an A-independent
effective interaction have been very successful. For the lightest p-shell hypernuclei for
which data exist, such as §Li and |Li, we might well expect some change in the
effective interaction. In addition it is necessary in such light nuclei to properly
eliminate spurious center of mass states. Consequently we restrict our attention to
A>09.

We present results calculated with a standard AN interaction; F'© = —1.16 MeV.,
F%=-32MeV, a=—0.1, ¢ =0 and a small spin-orbit splitting &, = 0.5 MeV (for
¢ =0, F affects only the overall binding energy). We consider the consequences of
varying some of the parameters, but it seems that a rather weak, basically Wigner-
type central interaction together with a small one-body spin—orbit splitting gives a
quite satisfactory explanation of the available data.

The lowest levels in the hypernuclei studied are populated via p, — s, transitions,
more strongly at angles away from the forward direction as the momentum transfer
increases. For the p”s, (n = A-5) wave functions we use the results of Gal, Soper and
Dalitz [17,28]. In most cases these wave functions are close to the weak-coupling
limit. In contrast, the p"p, wave functions often deviate from the pure weak-coupling
limit, in the sense that p,, and p,,, configurations based on the same core state are
strongly mixed. It is simply that the hypernuclear wave functions tend towards an
LS-coupling structure, a consequence of the basically LS nature of the core wave
functions and the absence of strong spin-dependent interactions (particularly the
small spin—orbit splitting for p, orbits). There is also a tendency towards good spatial
symmetry, realized for the core but not fully developed for the hypernuclear levels
because the AN interaction is considerably weaker than its NN counterpart. We
endeavor in the following analysis of the hypernuclear wave functions to make clear
the role played by such symmetries.
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5.3. Individual Nuclei

5.3.1. The Hypernucleus ''C

The data from the “C(K~,n7) }’C reaction at p, =800 MeV/c have been
presented by May ef al. [7] and the main results of our calculations appeared in a
companion letter [9]. The }’C* spectrum consists of five main peaks which we refer
to as the 0-, 5-, 10-, 16- and 25-MeV peaks. Cross sections were obtained at angles
up to 25°; we concentrate on the data at 4 and 15°.

The general features of the data can be simply understood via Eq. (3.15) in terms
of the distribution of pickup strength from *C. This is shown in Fig. 9. By coupling a
A in an s orbit to the '’C states in Fig. 9b we expect AL =1 strength (p,— s,
transitions) in the *C(K~, n7)}’C reaction at excitation energies of 0, 5 and
12-16 MeV. Coupling a p, to the same set of core states should lead to a repetition
of this pattern at excitation energies ~10 MeV higher, the p, — p, transitions being
AL =0 or AL = 2 in character. We can also expect p, —+ (sd), and s, — s, transitions
to contribute above E_~ 20 MeV. Thus, provided the AN interaction is not strong
enough to give large shifts in these distributions based solely on the pickup strength,
the origin of the five peaks in the }’C* spectrum is qualitatively clear. It is evident
that the 16- and 25-MeV peaks do not represent the excitation of single levels. The
spectroscopic strengths of individual states in the standard calculation are plotted in
Fig. 10. Using this structure input in the DWBA reaction calculation gives a very
satisfactory account of the experimental angular distributions (measured out to 25°)
for the 10-, 16- and 25-MeV peaks (see Fig. 1 of Ref.{9]). Another way of
comparing the theory with the data is presented in Fig. 11. The calculated cross
sections for the states shown in Fig. 10 have been folded with Gaussians of width
equal to the experimental resolution (2.3 MeV for the bound levels of \’C and
arbitrarily 3 MeV for higher levels) and then collected in 1-MeV bins. The resulting
histograms are compared directly with the data at 4° and 15°. At forward angles the
AL =0 population of 1/2~ states dominates; at 15° the AL =0 cross section has
fallen to a negligible value while AL = 1 transitions populating 1/2* and 3/2 " states
and AL =2 transitions populating 3/27 and 5/2~ states are of comparable impor-
tance.

If the agreement between theory based on weak coupling and experiment were
perfect within the limitations imposed by the experimental resolution and errors, little
could be learned about the AN interaction beyond the fact that it is not strong enough
to produce any observable departures from pure weak coupling. Information on the
detailed structure of the hypernuclear states comes primarily from the energies and
cross sections of the 10- and 16-MeV peaks at 4° and 15°. The interesting features of
the 10- and 16-MeV peaks, which signal a departure from weak coupling, are
summarized as follows.

(i) The cross section ratio of the two peaks at 4°, p=0(1/22)/0(1/22) = 5.5,
deviates strongly from the pickup ratio whether taken from experiment [39],
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FiG. 9. (a) Spectroscopic factors for p,,, and p,,, pickup from "*C calculated using Cohen and
Kurath's (8-16)POT interaction |15]. S > 0.2 are shown. For the five strongest states there is good
agreement with the experimental values [39). The dominant spatial symmetries of the "*C ground state
and of the two groups of "*C states are indicated.

(b) CS plotted as a function of excitation energy in '*C; C* = 1/(2T + 1), where T is the isospin of
the '2C level and § is the sum of the spectroscopic factors for p,,, and p;,, pickup. Solid lines are for
T =0 states, dashed lines for 7= 1. C2§ is directly related to the sum rule strength in the (K ".77)
reaction by Eg. (3.15).
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Fic. 10. Formation strengths, Eq. (4.3), for }’C states (the appropriate sum rule values are 5 for
AL =0,1 and 10 for 4L = 2), by which 62*(E, 8) of Eq. (4.2) must be multiplied to give the differential
cross section. Excitation energies are given relative to the lowest p®s, or p®p, state. To compare the
AL =1 strength with the AL =0 or AL =2 strength a shift of ~10MeV representing the energy
separation between s, and p, single-particle states in the A-nucleus potential must be applied. The
distribution of AL = 0 strength for V= V,, is also shown. The dots mark the location of states with
negligible formation strength; the various spatial symmetries dominate in the regions indicated.

p(p,d)= 145 and p(d, t)=1.77 — 1.98, or from intermediate coupling calculations
[15], p(CK) = 1.83.

(ii) The 6.0 + 0.4-MeV spacing between the two peaks at 4° clearly deviates
from the 4.4-MeV spacing of the corresponding '*C core states. Ignoring the AN
residual interaction leads to a negative A-nucleus spin—orbit splitting
¢,=—1.6 + 0.4 MeV.

(ii) The 16-MeV peak undergoes a downward shift of 1.7 + 0.4 MeV in going
from 4° to 15° After subtraction, at 15°, of the AL =1p,— s, transitions (a
procedure which little affects this shift), the remaining AL =2 p, - p, transitions
within this peak are dominated (90%) by 5/2- states of the "C(2*)®p,
configuration. Ignoring the AN residual interaction again leads to a negative value for
€,, of about the same magnitude as that inferred in (ii).

(iv) The 10-MeV peak undergoes only a small downward energy shift of
0.36 + 0.3 MeV in going from 4° to 15°, corresponding in the weak-coupling limit to
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C0*)®pyja— *C(07) ® pya and thus resulting in a small positive spin—orbit
splitting €, =0.36 + 0.3 MeV. This feature apparently contradicts the previous two
features when analyzed in the weak-coupling limit, which is therefore inappropriate: a
nonvanishing AN residual interaction is imposed by the }’C data.

(v) The 4° data shows three peaks, the 10-, 16- and 25-MeV peaks, which we
interpret as being populated by p, — p,, AL = 0 transitions. This is evidence that the
AN interaction is considerably weaker than the NN interaction since for V,, =< V,
all the p,— p,. AL =0 strength would appear, as the p-shell part of the strangeness
analog state, in a single peak (see Fig. 10).

The essential features of the }’C spectrum are obtained for an interaction with no
dependence on the spin of the A particle. Beginning with

J=J.+ias ir=1+s, (5.1)

we can change to a coupling scheme specified by
J=%+s,, ¥ =] +1,. (5.2)

For an interaction independent of s,, & is a good quantum number and doublet
degeneracies corresponding to ] =% +s, arise, independent of the strength of the
AN interaction and the size of the nuclear core basis. An understanding of features
(i}-(v) listed for the 10- and 16-MeV peaks is obtained from the '*C(0*,2*)®p,
spectrum, which is shown in Fig. 12 for F®=-3MeV, ¢=0, a=0 and
~,=0MeV. Note that the splitting of the doublets remain small for the spin depen-
dence of our standard interaction, i.e., a = —0.1 and ¢,=0.5 MeV. To discuss the
wave functions of the states in Fig. 12, it is first convenient to construct states of
good & in terms of the original weak coupling basis states; transforming from the
basis expressed by Eq. (5.1) to that of Eq. (5.2) we have

(&s) Ty =Y UU1/2, Lj) T edr) I)- (5.3)

Ja

For the & =1 states (/= 1/2, 3/2) in Fig. 12 there is ~9% mixing of the states with
J.=0 and J,. = 2. The wave functions for the standard interaction, given in Table V,
show small departures from the good & limit of Eq. (5.3).

The two '?C core states have dominantly [44] spatial symmetry (79 and 88% for
J.=0 and J, = 2, respectively) and thus intrinsic spin S, = 0. Consequently terms in
the AN interaction which depend on s, such as the tensor interaction and the
spin—-spin component of the central interaction have little influence on the states of
Fig. 12. For a spin-independent Wigner residual interaction between p-shell baryons,
all splittings and relative shifts are given in terms of the Slater integral F'* which
determines the strength of a quadrupole—quadrupole effective interaction

Vel AN)~FPQy - 0y, Qp=C(Fy). (5.4)
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Fig. 12. "C(0*,2%)® p, spectrum for an interaction independent of o ,. States which dominate in
the 10- and 16-MeV peaks at 0° and 15° are marked with asterisks. ¥ =1J_+1, is a good quantum
number and the indicated degeneracies result. independent of the size of the nuclear core basis. The
dominant spatial symmetry for each state is also given. At the right the doublet splittings resulting from
the spin-dependent components of our standard interaction are shown.

TABLE V

Wave Functions of Lowest p®p, States

Basis configuration

E\'

Ja (MeV) 0" ®Pias 0" ®piay 2" ®Pia, 2" @pyay
3/2; 9.73 0.963 0.183 —0.198
1/2, 10.20 0.956 —0.294
5/27 13.45 0.352 —0.935
3/2; 13.59 —0.029 —0.658 —0.751
5/2,5 15.24 0.927 0.346
1/27 16.39 0.294 0.951
3/27 16.75 0.268 —0.728 0.627

595/148/2-11
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Also, in the limit of a pure LS-coupling state with L, =J, and §,=0, & becomes
the orbital angular momentum of the hypernuclear state and s, the intrinsic spin.
Then the energy shifts of states with different L based on the 2* state of the core are
given by

222

=k\/5(1 2 1)<2||Qc|12><11|QA||1> (5.5)
L O0OL

iy (22 22’

11L

where k, k' are constants proportional to F®. Thus the relative energy shifts for
L =1,2,3 are in the ratios 7: —7: 2. Taking into account the repulsion of the two
L =1 states leads to the structure displayed in Fig. 12.

Another useful way of exhibiting the structure of the states in Fig. 12 is in an LS
basis with good spatial symmetry. By coupling a p, particle to a p-shell core with
spatial symmetry [f] = [44] we can obtain configurations with [ f] = [54] and [441]
or equivalently SU3 symmetry (du) = (14) and (03). For [ f]|= (54|, L =1,2,3,4,5
are allowed while for [f]= (441}, L = 1, 3. The parentages of the [54] states with
L=1,3 are

1[54]L=1)=\/T/9|L.=0®p,) —\/2/9|L.=2® p,),

The [441] states with L = 1, 3 are the orthogonal linear combinations. Thus in the
LS limit (L = &), the doublet in Fig. 12 with & =2 has purely [54] symmetry, the
lowest & = 1 doublet and the & = 3 doublet have predominantly |54 ] symmetry and
the upper ¥ =1 doublet has mainly [441] symmetry. The (54| symmetry is not
allowed for nine nucleons and hence cannot be reached in the substitutional (K, n7)
reaction on '*C. However, the upper J = 1/2 state, which has the same symmetry as
the '*C ground state in the LS limit, can be reached and should therefore be
populated much more strongly at 0° by 4L =0 excitation than the lower J=1/2
state. Indeed for the standard interaction we have, in a mixed notation where |**C
g.s.) stands for the substitutional *C ground state,

(5.6)

11/27)=0.880|[S4] L = 18 = 1/2) — 0.145|°C g.s.) + -+~ ,

(5.7)
(1/25)=—0.189([54] L = 1§ = 1/2) — 0.437| C g.s.) + --- .

Note that the '*C g.s. has only 20% parentage to the 0, and 2; core states (Fig. 9).
As the strength of the AN interaction is increased the symmetry of the lowest 1/2~
state becomes more purely [54] corresponding to stronger mixing of the 0* ® 1/2~
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and 2* ® 3/2~ weak-coupling basis states (and a small admixture of higher weak-
coupling states). Then the hypernuclear states are ordered strictly according to their
spatial symmetry’ and the AL =0 formation strength resides in a cluster of states
over which the [441] symmetry is distributed (see Fig.10). For a weak AN
interaction, however, the formation strength associated with the [44] and [431]
symmetries of the core remains widely separated in energy and the observed
separation of the 16- and 25-MeV peaks in the data clearly places a strong constraint
on the magnitude of F® (see Fig. 3 of Ref. [9]).

States in 10- and 16-MeV peaks with appreciable (K, z7) cross section at 4°
(1/27) and 15° (3/27, 5/27) are marked with asterisks in Fig. 12. The actual LS-
coupled density matrix elements determine the population strengths S*(l,,/,)
according to Eq. (4.3) and the latter, and are given in Fig. 10. The density matrix
elements may be calculated from the wave functions listed in Table V and the pickup
spectroscopic amplitudes. However, it is instructive to calculate them for AL =2 in
the LS limit with good SU3 symmetry, i.c.,

((04), X (10)4 = () L 1/2J || (@zdy) " " (03)y L = 1§ = 1/2J = 1/2)

12 L (03) (01) (04)
zconst.(l/Z 0 1/2)((03)1(11)2||(,ly)L>((00) (10) (10)) (5.8)

12 2 J 03) (11) ()
The SU3 9-(Au) coefficient takes the values I, l/f for (Au)=(14), (03); the
SU3 5 R3 coefficient the values —/9/20, —/1/5, V/7/20, 7/40 \/3/5 for

AL =(03)1, (03)3, (14)1, (14)2, (14)3 the 9J coefﬁcu:nt the values 1/4/2,
1/3/2 for J=3/2, L=1,2 and v/2/9, \/7/9 for J=5/2, L =2,3. Equation (5.8)
correctly predicts the general features apparent in Fig. 10 (although it is only good to
within a factor of 2 for ratios of some pairs of states). In particular it is clear that the

=3, 5/2~ state should be dominant in the 16-MeV peak at 15°, thus accounting
for the downward shift of the 16-MeV peak as the angle changes from 4° to 15°. All
measured energy separations, including the 9.3 + 0.5 MeV between the 16- and 25-
MeV peaks at 4° can, in fact, be accounted for with —3.4 < F*¥ < —3.0 and
e,=0.5MeV (see Fig.3 of Ref. [9]). The essential effects of F* and ¢, can be
readily deduced from Fig. 12 and Table V. The strict degeneracy of the lowest 1/2~
and 3/27 levels in the absence of interactions which depend on s, means that the
measured separation places a strong constraint on the combination of one- and two-
body spin—orbit forces. The energy separation goes as 0.88e, for F'¥ near its
optimum value. For a two-body spin—orbit interaction which reproduces the effect of
¢, in the diagonal elements of the energy matrices, the resultant energy separation is
much less. This is because in an open-shell hypernucieus 7,(v,) also contributes to
off-diagonal matrix elements; for /,(v,) <0 (equivalent to ¢, > 0) the off-diagonal

For Viy=Vew~0 -0 we have E~4[A" +u” + du + 33X + )] — 3L(L + 1) and, eg. then
(03) L =1 state lies between the L =4 and L = 5 states of the (14) band.
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matrix element in the 2 X 2 matrix for J*=1/2" is increased while in the 3 X 3
matrix for J*=3/2" the opposite effect occurs. If the effective interaction is to be
determined empirically, there are no particular restrictions on the nature of the spin-
orbit interaction. In fact the interplay of one- and two-body spin—orbit interactions in
fitting energy level data is familiar from studies in the nuclear p shell. However, if we
take seriously our earlier discussion of the origin of the one-body spin—orbit force we
would use a predominantly one-body spin—orbit force in our p"p, calculations. Since
the 1/27 and 3/2, levels lie below the lowest particle threshold in }'C ('’C + A with
B,=11.69 + 0.12 MeV) they should decay predominantly by y rays to the .'C
ground state and their energy separation might be best determined by detecting the
10-MeV y rays in coincidence with the outgoing pion from the (K ~, 7~ ) reaction on
UC.

We have demonstrated (Ref. [9] and above) that the observed excitation energies
and formation cross sections of states in }’C can be adequately described by an
appropriate choice of F**' and ¢, with F'” and « being fixed at previously determined
values. We now consider the effect of other parameters in the effective interaction
such as the space exchange mixture ¢ in the central force and the two-body spin—orbit
force. The quantity most sensitive to parameter changes is the cross section of the
lowest 1/2~ state, conveniently studied as the ratio R of the formation strengths for
the upper and lower 1/2~ states in Fig. 12. In the spirit of Eq. (3.12) we take for this
quantity the ratio of squares of transition density matrix elements. The full reaction
calculation, taking into account distortions and binding energy effects in the form
factor, gives a value for R(§, . =4°) somewhat smaller (R =6.6)" than that
estimated from the density matrix elements alone (R =9.1). If we write the wave
function of the lowest 1/27 state as

“/21_>=)’10+ ®P1/2>_,3|2+®P3/2> (5.9)
then we have
_[80(1/2) + 93/2) |
&= [Saar g (19

where #(1/2) and 6(3/2) are the spectroscopic amplitudes for pickup from the ''C
ground state to the 0" and 27 states of '’C, respectively. For the small § of interest
R is a rapidly varying function of £ as shown in Fig. 13. It is clear that R is also
sensitive to the details of the core wave functions; for the (8-16) POT interaction
[15] 6(1/2), 8(3/2) = —0.783, —1.059, while for the MP4 interaction [16], which
represents a move toward jj coupling, the corresponding values are —0.849, —1.037.
Given a model for the core, R is governed by f§ and thus largely by the off-diagonal
matrix element in the J=1/2 energy matrix. This matrix element is dominated by

*To compare theoretical and observed cross section ratios we must include calculated AL =1 and
AL =2 contributions in the theoretical cross sections. At 4° this leads to a reduction in the effective
value of R from that with AL = 0 only.
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F1G. 13. The ratio R of Eqg. (5.10) displayed as a function of the mixing amplitude f§ of Eq. (5.9) for
several models of the '2C core.

F®. A negative value of o decreases the matrix element but the effectiveness of the
sy * §, interaction is limited by the dominantly spin-singlet nature of the core wave
functions. A space-exchange interaction which weakens the odd state interaction
(¢ > 0) naturally leads to purer [54] symmetry for the 1/2, wave function, i.e.,
increases the off-diagonal matrix element. There exists evidence [31] for such a
component (¢~ 0.25) in the free Ap interaction. The effectiveness of such a
component depends on the range of the interaction, through the combination
F — 1/5F®, and must clearly have no effect for a delta function interaction.
Finally the two-body spin—orbit interactions, characterized by the integrals 7,(v )
and [,(v_), increase the off-diagonal matrix element if they are attractive. An
interaction derived in a meson-exchange model possesses all such components, and a
tensor force besides. A G- matrix calculated from the meson-exchange interaction can
be used in the shell-model calculation and an attempt to derive the AN effective
interaction in this way is clearly a desirable step in the study of A hypernuclei.
However, in our attempts to obtain an empirical AN interaction we are clearly
limited in the number of parameters that we can determine by fitting the current set
of data. We could probably, for example, have included a space-exchange interaction,
fixing ¢ = 0.25, say, and used F® and g, to fit the data, paying only the price of a
smaller formation cross section for the lowest 1/27 level.

5.3.2. The Hypernucleus ’Be

The *Be(K ™, n~) }Be reaction at 0° has been studied at CERN, originally at p, =
900 MeV/c {1| and later at p, =720 and 790 MeV/c [2-5]. An unresolved group
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consisting of the % Be ground state (B, = 6.7 MeV) and states of an s, coupled to the
2.9-MeV 2% state of the *Be core is observed. The 0° spectrum is dominated by two
strong excitations at —B, =6-7MeV and —B, = 17-18 MeV, respectively. The
structure of } Be which underlies these strong AL = 0 excitations has been studied in
detail by Dalitz and Gal [29].

In many respects the structure of %Be is similar to that of \’C since the LS
structure of the p* core with [4] and [31] symmetries resembles that of the p* core
with [44] and [431] symmetries. The pickup strength (mostly p;,,) goes to the *Be
g.s., the 2.94-MeV 2+ state and to a group of states between 16- and 20-MeV
excitation energy, particularly the isospin mixed 2% states at 16.63 and 16.93 MeV
and the 3" levels just above 19 MeV [40]. In our description of the core states and
the *Be g.s. we have followed Cohen and Kurath [15] and used the (6-16)2 BME
interaction. Experimental excitation energies are taken from Ajzenberg-Selove's
tabulation {40] supplemented by some additional information on T= 1 states |[41|.

A discussion of the ®Be (0, gs.; 2%, 2.94 MeV)® p, states is instructive,
particularly in comparison with the analogous structure in }’C, shown in Fig. 12. In
8Be the 0" and 2" states have very pure spatial symmetry (4] configurations (much
smaller S = 1 admixtures than in 'C). The hypernuclear states can have |{5] or [41]
symmetry with (Au) L equal to (50) 1, 3, 5 for the former and (31) 1, 2, 3, 4 for the
latter (if we include also the 4*, 11.4-MeV core state). The weak-coupling structure
of the }Be states differs from that of the )’C states because the *Be core is prolate,
(Au) = (40), while the '’C core is oblate, (lu)= (04). Consequently {p*| Q| p*) is
opposite in sign to (p®| Q|| p*) and by Eq. (5.5) the order of the #' =1, 2, 3 states
based on the 2* core state is inverted from that displayed in Fig. 12, with the & =1
state lowest. The strong interaction between the two % =1 states then drives the
upper % = 1 state to a position between the ' = 3 and = 2 states. A similar result
has been obtained in a+a+ A4 cluster model calculations [42]. In analogy to
Eq. (5.6) we have

HSIL=1)=V7/15|L,=0®ps)— V8/15|L.=2& p,).
[[5]L=3)=V21/35|L.=2Q@ps) — V8/35| L. =4 @ ps)

so that the mixing of states based on the 0% and 2* core states will be stronger in
5Be than in )’C as the limit of good spatial symmetry is approached. Even for
F® = _3.2 MeV this mixing is sufficiently strong to make the 0° (K~, 7 ) cross
section to the lowest 3/2~ state unobservably small relative to that of the second
3/2~ state. The remaining AL = O strength is concentrated in two states with 7= 0, 1
(probably strongly isospin mixed) about 12.5 MeV above the second 3/2~ level. This
is in excellent agreement with the calculations of Dalitz and Gal {29], based on pure
LS core states, and with the data [4, 5] which show two strong peaks about 12 MeV
apart.

Although no data exist as yet for reaction angles away from the forward direction,
it is interesting to inquire into the distribution of py — p, 4L =2 strength, which,
starting with the °Be g.s. spin of 3/2, can populate hypernuclear states with J =1/2,

(5.11)
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3/2, 5/2, 7/2. At 15°, say, the lowest 1/27 and 3/2~ states should be populated
giving rise to a peak near B, ~ —2.5 MeV. About 4 MeV above should be a peak,
essentially unshifted from the peak in the 0° spectrum and somewhat broadened,
consisting of six unresolved levels (with 7/27, 5/27, 1/2; and 3/2; strongest). The
centroid of AL =2 strength associated with the highly excited core states should be
about 1.5 MeV higher than the AL = 0 strength, but broadening due to fragmentation
will probably make this shift unobservable. Thus the basic differences from the }’C
spectrum are the absence of the lowest AL = 0 peak and the prediction of no shift
with angle for the peak at —B, ~ 67 MeV. Another difference is that the AL =1
strength from an s, coupled to the highly excited core states should occur around
B, ~—10MeV and could possibly be resolvable from the AL = 2 strength at lower
excitation energies (rather than coincident with it as is the case for {'C). A
measurement at 15° with good energy resolution to determine, in particular, the
separation in energy of the two lowest AL =2 peaks would provide a useful
constraint on the values of F* and ¢, the space-exchange mixture.

5.3.3. The Hypernucleus \*0

The "YO(K~,7n7) \°0 reaction at 0° has been studied at CERN, the cleanest
spectrum being taken at p, = 715MeV/c [2]. The spectrum shows four distinct
peaks. The peaks at B, =13 and B, =7 MeV are interpreted [2,35] as AL =1
excitations of states formed by coupling an s, to the p,,; and p;,; neutron hole states
of '°0. Similarly the stronger peaks at B, = 2.5 and B, = —3.5 MeV are interpreted
[2,35] as AL =0 excitations of (p;;3p,,) and (p;;p;,) N '4 configurations.
Limited angular distributions [2] are consistent with this interpretation. The approx-
imately 6-MeV separation of the two 0* states led to the important conclusion
[2,35] that the A-nucleus spin—orbit interaction is very small. This conclusion
remains when the effects of the AN residual interaction are taken into account {30].

With our standard set of parameters the separation of the two 0% states is
6.15 MeV. The mixing of the weak-coupling basis states is very small, only 0.09 in
amplitude (f), and is naturally such as to increase the intensity of the p-shell
symmetries [543] (L=S=1) and [444] (L=S=0) in the lower and upper
eigenstates, respectively. For such weak mixing the separation (4E) of the two 01
states is indeed very sensitive to the p, spin-orbit splitting and varies essentially
linearly with ¢,. The ratio (R) of squares of LS density matrix elements, which
control the production of the states according to Eq. (3.12), for the upper and lower
states is 2.9, to be compared with two in the weak-coupling limit. This ratio increases
for €>0 ([f]=[543] energetically favored) and decreases as « is made more
negative (S =0 favored). Indeed for £¢=0.25 we have 4E=6.32, f=0.11 and
R =3.3 (cf. Bouyssy’s calculation [30]).

A comment is in order before R is compared with the experimental ratio of about 3
for the 0° cross sections of the two states. It is that the experimentally measured
[43—46] ratio (T") of pickup spectroscopic factors for the 3/2~ and 1/2~ hole states
in 0 (or '°N) is always less than 2 and perhaps as low as 1.5, substantial fractions
of the p;,, pick-up strength missing from the 6.18 MeV level being found [43—44| in
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50 states at 9.61 and 10.48 MeV. Thus if p, particles are coupled to the physical
50 core states

qv_ _ATU=B)I 48

e T (5.12)

which depends quite strongly on T. Finally there are the dynamical effects on R to be
considered. These can be estimated from our full reaction calculation. In addition to
the four peaks in the "*O(K =, 77) 1°0 (0°) spectrum discussed above there is a broad
structure centered near B, =—15MeV |2]|. It can be attributed mainly to the
sy — s,4L = 0 transition with some p, — (sd), AL =1 excitation, both of which are
expected in this energy region.

The (py'p,) 27 states in our standard calculation remain relatively pure weak-
coupling states. The state based on the p,,, hole is shifted down from the
corresponding O* state by 0.3 MeV. The centroid of the two states, 1 MeV apart,
based on the p;,, hole, lies even closer to the corresponding 0 state. The ratio for
the production of the upper pair relative to the lowest state is 1.8, before any account
is taken of the fractionation of the pickup strength to the core. In addition, 4L =1
strength, from an s, coupled to the 9.61- and 10.48-MeV states of the core, will
contribute to the peak at B, ~ 2.5 MeV.

5.3.4. The Hypernucleus \'C

The "*C(K ,n ) JC reaction has been studied [2| at CERN for 6, =0° and
Dx =715 MeV/c and at BNL |6] for 8, < 19° and p, = 800 MeV/c. The 0° spectrum
exhibits two peaks at B, =11 and 0 MeV which have ascribed |2, 6,20] to 1~ and
0 states, respectively, in which a A particle in an s,,, or a p;,, orbit couples to the
3/2~ ''C ground state, the dominant parent of the '*C ground state. For §_ > 0° the
two peaks remain 6], the upper peak showing no observable shift in excitation
energy. The angular distributions |6] are consistent with the excitation of both
("'C(g-5.) ®Py/24) 0" and ("'C(g.s.) ® Pyj245P324) 2+ configurations in the B, =
0 MeV peak [6,20], the AL = 2 excitation being totally dominant [20] for §, = 15°.

In the full p’p, shell-model calculation the tendency to form states with good
spatial symmetry means that the wavefunctions of the low-lying 0* and 2" states
differ considerably from the simple weak-coupling description given above. The end
result that the AL =0 and AL = 2 strength should be localized at the same excitation
energy is, however, the same in both descriptions. Nevertheless it is instructive to
examine the shell-model calculation for the 0* states in some detail.

The only core states that we need consider are the 3/27 ground state, the 2.00-
MeV 1/27 state and the 4.80-MeV 3/2 state. These three states account for essen-
tially all the p-shell pickup strength from '*C, with individual spectroscopic
amplitudes |15} of 2.387, 1.227 and 0.869, respectively. The wave functions of these
levels have dominantly [43] spatial symmetry (hence S = 1/2). Their orbital angular
momentum content for [43] symmetry is
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13/27)=0.783|L = 1) — 0.465|L = 2) + ...,
11/27)=0.974|L = 1) + ..., (5.13)
13/25)=0451|L = 1)+ 0.822|L =2) + ...

If we now couple a p, to the |43] symmetry we obtain the hypernuclear symmetries
[53], [44] and [431] with lowest L values of 1, 0 and 1, respectively (and S = L for
J=0). We find the amplitudes of these symmetries in the weak-coupling basis states
by first converting the weak-coupling basis states to LS coupling and then using the
appropriate SU3 o R3 Clebsch—Gordan coefficients to obtain the amplitudes of states
with definite spatial symmetry. The result of these transformations is given in Table
VI. Also given are the 0% wave functions of the standard calculation and their
decomposition in terms of the states with good spatial symmetry. While the weak-
coupling configurations are quite strongly mixed in the 0 eigenstates it is clear that
one spatial symmetry dominates in each 0% wave function. For the standard AN
interaction the [44] L =0 configuration which is strongly populated in the (K, 7")
reaction comes lowest. However, for V,,x V,, the |53| L =1 configuration will
come lowest as shown in Fig. 14. Then the 0, and 07 states, which are the analogs

TABLE VI

Wave Function Relationships for )C(0")

A [53[L=S=1 [44|L=S=0 [431]L=S=1
327 @psp —0.045 0.639 0.647
3/27 @ pspn —0.730 0.368 —0.460
1/2-®p,p 0.607 0.562 —0.513

B 3/27 ®piy 3/27 ®py.o /2 ®pis

0, 0.886 0.078 0.458

05 —0.320 —0.611 0.724

07 0.336 —0.788 —0.516

C [53]L=8=1 (44| L=8=0 [431]L=S=1

0f 0.181 0.852 0.302

0} 0.900 —0.022 —0.297

0/ 0.247 —0.391 0.868

4 Symmetry content of weak-coupling basis states. Note that only the most important states with
definite spatial symmetry are listed.

¥ Expansion of 0* eigenstates in the weak-coupling basis. The energies of the three 0" states are 0.
2.26 and 5.51 MeV.

“Symmetry content of 0* eigenstates.
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FiG. 14. The three lowest p'p, 0 states of }’C for the standard AN interaction (I) and for
Van = Vyy (I1). The intensities of the dominant spatial symmetries in the wave functions are also given.

of the 07, and O states in the nuclear calculation, are separated by 12 MeV or so.
The full low-energy spectrum of p’p, 0% and 2* states is given in Fig. 15 together
with the squares of the density matrix elements governing the production of the states.
The bulk of the 2* strength is fragmented over the lowest three levels the centroid of
this strength coinciding with that of the corresponding 0 strength to within 150 keV.
This feature of p'p, strength is preserved for a wide range of parameter variations in
the interaction, including strong one-body spin—orbit forces. Consequently little can
be deduced about this interaction from the C(K~, n ") }’C data.

In contrast it is probable that the '*C(K ~, n~) }’C reaction can be used to put
useful constraints on the nature of the NA interaction for p,s,. The issue is the
formation strength of the second and third 1~ levels in }’C which in the weak-
coupling limit would be formed by coupling an s, to the 1/27, 2.00-MeV and 3/27,

- Pe ot ot Pz
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Fic. 15. The spectrum of the lowest p’p, 0* and 2" states of \’C for the standard AN interaction.
For each level the square of the LS density matrix element appearing in Eq. (3.12) is given. Note the
near equality of the centroid energies for the fowest groups of 0% and 2* levels.
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4.80-MeV excited states of ''C. In the weak-coupling limit the summed strength to
these two states would be 40% of the ground-state strength, if Cohen and Kurath’s
spectroscopic factors [15] are used. Many experimental measurements of the pickup
strength have been made [45,47] and overall there is good agreement with the
theoretical values [15]. From a study of the *C(K~, n ") }*C reaction, Chrien et al.
[6] have found only 6 + 5% of the ground-state strength in the 2- to 7-MeV region of
excitation energy in }\’C. The most natural explanation of this lack of strength lies in
destructive admixtures of the weak-coupling basis states in the second and third 1~
levels.

The canonical pys, interaction (4*S*QJ,; 79), favored by Dalitz and Gal [17],
actually gives an increase of strength for the second and third 1~ levels while a < 0,
Eq. (3.16), by itself gives a decrease. It is clear that the '*C(K ~, 7 7) }’C data can
put useful constraints on the p,s, effective interaction, which cannot be regarded as
well determined solely from a fit to ground state binding energies [28]. The strongest
constraints on the interaction are expected from hypernuclear y-ray data on energies
of excited states and core ® s, doublet splittings.

5.3.5. The Hypernucleus }\'N

The "N(K~,7n) \'N reaction has been studied [7] at BNL for 6 =0° and
Px = 800 MeV/c. The most prominent features in the spectrum are peaks at E, = 10.5
and 20 MeV, which can be associated with two groupings of strength for neutron
pickup from N.

Five states which can clearly be identified [48] with p-shell configurations have
been observed in neutron pickup from 'N. There is good agreement between
experiment [45,49] and theory [15] for the spectroscopic factors. The five states are
the 1/27 ground state; the 3/2~ 3.51-MeV level, the 5/27, 7.38-MeV level; the
1/27 8.92-MeV level and the 3/2~ 11.88-MeV level with theoretical [15] C*S values
of 0.69, 0.16, 1.86, 0.67 and 1.16, respectively. The ground state is populated by p, ,
pickup, the rest mainly by p,, pickup. The [441] symmetry content of the five core
wave functions is 70.6, 87.7, 83.4, 2.4 and 1.9%, the rest being [432] symmetry (very
littie [333]). The [441] and [432] symmetries are reached by pickup from the
dominant (91%) [442] component of the N ground state in the ratio of 1:2, § = 3/2
states with [432] symmetry being favored over those with S = 1/2 in the ratio 4:1.
Indeed the 1/2; and 3/2; p° wave functions contain 89.8 and 71.0% of quartet
configurations, respectively.

In a simple weak-coupling picture we expect a p’p, 1* state based on the "*N
ground state to be a major contributor to the 0° cross section of the 10.5-MeV peak
and 1% states based on the 7.38-, 8.92- and 11.88-MeV levels of '*N to be respon-
sible for the strong excitation of the 20-MeV peak. From Fig. 16 it can be seen that
the essential features of the weak-coupling description remain in the shell-model
calculation with our standard AN interaction. Indeed, the two strongest 1% states
contain 87% (5/27 ® p;;,4) and 81% (3/2; ® p;,24), respectively. Figure 17a shows
that the AL = 0 strength in the E, ~ 10-MeV region is augmented by py— s, AL = 1
strength; the AL = 1 strength at lower excitation energies does not show up clearly in
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FIG. 16. Formation strengths for \'N states. See caption to Fig. 10.

the forward angle data (Fig. 17b). There is a tendency for the lowest p’p,
configurations to develop [541] symmetry and 38% of the AL = O strength associated
with the two lowest core states is shifted into the 20-MeV peak. The relationship
between the weak-coupling wave functions and wave functions with good spatial
symmetry is easily found. For example, since the '*N ground state is 90% [442|
L =2 8§ =1 we require, in analogy to Egs. (5.6) and (5.11),

\[441] ® [1]—» [442]L = 2>:—\/21/25 |LC=3 ®pA>— \/4/25 |L(.= 1®p)
432]® (1] - [442] L=2)=\/3/4|L.=2®p,) —V1/4|L,= 1 ®p,). (5.14)

Thus the first configuration coupled to § =1 to form J= 1 has an overlap of 84%
with |[441]|L,=3S8,=1/2; J,=5/2® p;,,,) which in turn has a large overlap
(83%) with the |5/27 ® p;,,,) weak-coupling state. The distribution of AL =2
strength (Fig. 16 and Fig. 17b) is quite similar to the AL = 0 strength. By far the
strongest state is a 3* state based almost entirely (99%) on the 5/2~ core state

13+ =10.930/5/2" ® Py /2,) + 0.350(5/27 @ Py 20 + - (5.15)

Finally we note that the experimental and theoretical forward angle cross sections
shown in Fig. 17 are in good agreement. The experimental cross sections |50] for the
10.5- and 20-MeV peaks, after the subtraction of K decay and quasi-free
backgrounds, are 458 + 56 and 1785 + 104 ub/sr, respectively. The theoretical cross
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sections taken over the same regions of excitation energy are 434 and 2028 ub/sr.
Some of the subtracted quasi-free background at the highest excitation energies can
be accounted for by sy,—s, and p,— (sd), transitions for which the strength is
estimated in Fig. 17b. The only obvious discrepancy between theory and experiment
in Fig. 17 appears to be a difference of about an MeV in the separation of the two
clearly observable peaks.

5.3.6. The Hypernucleus }'C

The neutron pickup strength from '*C is concentrated |15] in three levels of '*C,
the 1/2~ ground state, the 3.68-MeV 3/2~ level and the 15.11-MeV 3/27, T=3/2
level with C2S values of 1.73, 2.04 and 1.19, respectively. In many respects the
spectra for the "*C(K~, n~) }*C reaction are expected to be similar to spectra taken
with a "*C target. It can be seen from Fig. 18 that the ratio of AL = 0 strength for the
two lowest 0" states is changed from 1.2 in the weak-coupling limit to 4.0 in the
standard calculation; the lower state tends toward [541] symmetry with L =8 =1
and the upper state to [442] symmetry with L =S =0. As in }’C, a shift in the
AL =2 strength relative to the AL =0 strength based on the 3/2, core state is
expected, although it is possible that this shift could be obscured by 4L = 1 strength
based on the lowest T'= 3/2 core state.
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FiG. 18. Formation strengths for \'C states. See caption to Fig. 10.
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5.3.7. The Hypernucleus }*N

Substantial strength for neutron pickup from '*N is observed [51] for seven levels
of "N: the 1*; T=0 ground state, the 0*; T=1, 2.31-MeV level, the 1*; T=0,
3.95-MeV level, the 2*; T =0 7.03-MeV level, the 2*; T=1 9.17-MeV level; the 2*;
T=1 10.43-MeV level and the 1*; T=1 13.71-MeV level. There is good agreement
between theory [15] and experiment if the well known mixing [51, 52| between the
lowest p'®2*; T =1 configuration and a p*(sd)’ configuration is taken into account
(9.17- and 10.43-MeV levels). The wide spread in pickup strength leads to the broad
distribution of hypernuclear formation strength shown in Fig. 19 for AL =0, I, 2.
With the current energy resolution of about 2.5 MeV it is doubtful whether peaks
corresponding to states displayed in Fig. 19 could be resolved. Thus, at the present

time, \’ N does not appear to be an attractive case for experimental study.

5.3.8. The Hypernucleus }°B

Neutron pickup strength is observed to five states in °B: the 3/2~ ground state, the
5/27 2.36-MeV level, the 7/2~ 6.97-MeV level, the (7/27) [1.7-MeV level and the
(5/27) 14.7-MeV level with theoretical C 28 values of 0.59, 0.58, 0.56, 0.78 and 0.24.
Here we have used Cohen and Kurath’s (6-16) 2BME interaction [15] which appears
to give a better description of the 4 = 9 data than the POT interaction. Even so the
7/2- and 5/2 levels which we identify with the 11.7- and 14.7-MeV levels are
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FiG. 19. Formation strengths for |'N states: see caption to Fig. 10. Asterisks indicate 2" ; T= |
parentage. which in reality will be fragmented over several core states.
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predicted ~1.5 MeV too low in energy. It is not clear, then, how realistic the other
theoretical energies that we use for the hypernuclear shell-model calculations are. The
distribution of formation strength for \°B is given in Fig. 20. The distribution of
AL =0 strength differs markedly from that of the pickup strength, of which the
distribution of AL = | strength is representative. It is easy to show that the wave
function of the 3 state

0.368(3/2, ®P3/2A> +0.632|5/27 ®P1/2A> —0.664(5/2, ®P3/2A\> + ... (5.16)

has a large overlap with the |[41|® [1]|- [42] K=2 L =2 §=1) configuration
based on the dominant [41] symmetry of the 3/2; and 5/2; core states. The AL =0
strength at higher excitation energy is due mainly to the {[32|® [1]— |42|K =2
L =2 S =1) configuration. Both [42] configurations have a strong overlap with the
"B ground-state wave function

1B g.s.)=0871|[42] K=2L=2S=1)-0401[42| K=2L=3S=1)+...
(5.17)

We have again a clear demonstration of the role played by symmetries in the
structure of light hypernuclei.
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5.3.9. The Hypernucleus \'B

In the case of }'B the '’B core nucleus possesses a relatively high density of states
at low excitation energy, all of which are populated [53,54] in neutron pickup
reactions. A consequence of this is a high density of hypernuclear levels (Fig. 21),
most with some formation strength, which clearly cannot be resolved experimentally.
Also there is strong mixing of the weak-coupling basis states, e.g., the wave function
of the 3/2; level, with strong AL = 0 formation strength is

13/27)=0598137 @ p3pp) —0.625|1] @ pyjpx) +0.334|1] ® Pa2y)
+0.112[1) ®pyjpp) — 0192/ 13 ® pyjy) +0.226{21 @ pyoy)
—0.18712 ® p3jp4)- (5.18)

One possibility, of some interest, is that with the AL = 1 strength concentrated at low
excitation energy a rather pure AL =2 excitation at £ ~ 12 MeV is possible for
8.~ 15°

5.4. sy— s, and p, — (sd), Transitions

In the preceding sections we have discussed in detail the results of our p"p, shell-
model calculations and used the wave functions to estimate p, — p, cross sections for
the (K, n7) reaction. For p, — s, transitions we have used the results of Gal, Soper

e}
A=l
05 L
T T l!||YI Y’ T T ‘T l]lV Wi T ‘VI |I WI T
¢} 5 10
10
AL=0
0.54 [
I
T T T T T
0 5 10
1.5
AL=2
LO
0.5
]! ll ‘l:u!lllyﬂl‘ I@L.HLI# . H(l(
T T T
¢} 5 10

FiG. 21. Formation strengths for ,'B states. See caption to Fig. 10.
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and Dalitz [28]. Starting at about 20-MeV excitation energy in the residual hyper-
nucleus we expect sy — s, and p, - (sd), transitions to contribute to the (K, 7 )
cross section. Angular distributions for these transitions are shown in Fig. 8.
Estimates of the cross sections for such transitions appear in Figs. 11 and 17 for }*C
and )*N, respectively. We discuss briefly how these estimates were made.

First we note that the single-particle wave functions which enter into the distorted-
wave reduced amplitudes B% of Eq.(2.6) are functions of the relative coordinate
between the particle and the core. The conventional shell-model spectroscopic factor
corresponds to splitting off a single-particle wave function which is a function of the
particle coordinate with respect to the origin of the potential well. To obtain the
appropriate function in terms of the relative coordinate the shell-model spectroscopic
amplitude must be multiplied, in an oscillator model, by (4/4 — 1)?’*, where
Q = 2n + [ gives the node structure of the single-particle wave function. Then for a p-
shell target nucleus the sum rule for pickup of a p nucleon is (4/4 — 1)(4 —4). The
sum rule for s- nucleons is correspondingly less than four after spurious center of
mass components are eliminated from the s-hole states, and is, in fact, equal to
3(4/A — 1). The distribution of s-hole strength, as located in (p, 2p) reactions [55], is
very broad. Our estimates for the strength associated with s, — s, transitions are
based on concentrating the sum-rule strength in a single peak with a location and a
width based on the (p, 2p) spectra of Tyren ef al. [55]. For a '*N target, e.g., the
neutron pickup sum rule is 21/13 and we have concentrated the calculated 4°
(K, n") cross section of 767 ub/sr (Eq. (3.15) and Fig. 8) at an excitation energy of
33 MeV with a width of 10 MeV. If (p, 2p) results are not available the distribution
of s-hole strength from shell-model calculations [56] can be used. A study of neutron-
hole states in the s- shell has been made 4] using the (K ~, 7~ ) reaction on °Li, "Li,
’Be and '’C targets. The s, — s, transitions show up very clearly for the Li targets.

In the case of p, — (sd), transitions we ignore center of mass corrections and use
Eq. (3.15) directly, assuming pure weak coupling and a 10-MeV spacing between the
p, and (sd), orbits.

Despite the fact that the above estimates for s, — s, and p, - (sd), transition
strength are somewhat crude, particularly for the p, — (sd), strength, it appears that
much of the observed hypernucleus production at high excitation energies can be
accounted for; see, e.g., Figs. 11 and 17.

6. CONCLUSIONS

In this paper we have developed a comprehensive approach to hypernuclear
spectroscopy in the p shell. The (K~, 77) reaction mechanism is treated in DWBA,
and incorporates realistic K~ and n~ distorted waves obtained from an optical model
fit to the available elastic scattering data, Fermi-averaged K n— n~A4 amplitudes,
and {n, A} bound-state wave functions constrained by empirical binding energies and,
in some cases, rms radii. A weak-coupling basis is used to describe the hypernuclear
structure aspects. Since the intensities of hypernuclear states (summed over the spin)
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seen in the (K, 7~ ) reaction are proportional to the neutron pickup strengths on the
same target (in the weak-coupling limit), enough nuclear core states are included to
account for essentially all of the pickup strength. In some cases the mixing of
configurations based on different core states has a significant effect on hypernuclear
formation strengths.

The existing (K, 7 ) data on %Be, }*C, J’C, }*N and }°O are analyzed in detail,
and used to extract constraints on V,, and obtain spin assignments for hypernuclear
levels. In agreement with earlier work, we find that weak spin—spin, space-exchange
and spin—orbit interactions for AN are consistent with the data. The measured energy
shifts of peaks in the (K, n~) spectra as the pion angle is varied are used to obtain
constraints on the spin-orbit splitting (¢, ~ 0.5 MeV) and the quadrupole part of the
AN interaction (3.0 < —F, < 3.4 MeV). Even though the AN interaction is fairly
weak (compared to NN, say), hypernuclei display a tendency to seek a high degree of
spatial symmetry (forbidden for systems with only nucleons) in certain low-lying
states. This configuration-mixing effect can lead to approximate dynamical selection
rules ([441] 4 [54] for AL =0 transitions in A\’C, for instance) and considerable
deviations in intensity ratios from the weak-coupling limit in some cases. In addition
to explaining observed intensity ratios of lines seen in the (K~, 7~ ) reaction on a
variety of targets, our approach provides a qualitative account of absolute cross
sections (at the 20% level) and the shapes of (K, 7~ ) angular distributions.

We have also given predictions for several p-shell hypernuclei for which no data
exist, namely, \"B, \'B, }'C and \’N. Except for }’C., the spectra arc rather
complicated, involving a variety of states which are not too well separated in energy.
Using coarse resolution (K~,7n7) experiments, it will be difficult to make much
further progress in extracting the detailed spin dependence of the AN interaction.
Energy resolution of the order of 100-200 keV in (K, n ) is required before one can
expect further qualitative advances in hypernuclear spectroscopy in the p shell. This
certainly demands the intense K~ beams of a “kaon factory.” Even in this case, the
unnatural parity part of the A4 hypernuclear spectrum would remain essentially unex-
plored. For this part of the spectrum, the (K, 7 y) [17,57] and (y, K*) reactions
|58] offer particular promise. The existence of more detailed hypernuclear data,
particularly regarding spin splittings of levels, would warrant a serious attempt to
relate the sort of phenomenological AN potentials used here to more microscopic
descriptions such as meson or quark—gluon exchange models; even now, there is a
challenge for microscopic theories to explain the overall strength and general charac-
teristics of the empirical NA effective interaction. The (K ™, 7~ y) data taken so far
|57] imply small doublet splittings for p"s, configurations and hence a small 1, - s,
interaction consistent with the analysis of p,—p, transitions in the (K ,7n7)
reaction.

The shell-model calculations described in this paper may be extended in various
ways. For example, all 14w hypernuclear configurations can be treated on the same
footing if the data warrants; such a treatment is necessary in any case for the lightest
p-shell hypernuclei to deal with center of mass problems and to treat properly the
excitation of levels via sy — s, transitions [59]. Also, we have made calculations for
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z

hypernuclei using a p"p; shell-model basis under the assumption that isospin is a

good quantum number. More parameters are needed to specify the NX effective
interaction since two isospins are possible for the two-body system; baryon—baryon
potentials {33] suggest a strong spin and isospin dependence for the NX interaction
and a larger one-body spin—orbit Z-nucleus interaction |32] than in the case of the A.
Additional complications are that isospin is likely not to be a good quantum number
for some X-hypernuclear levels and that continuum effects may be important. As
more data becomes available on A, £, & and possibly even £~ hypernuclei in the
future, a more detailed study of spectroscopic questions along the general lines

de

veloped here will be warranted.
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